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METHODS USED BY C. H. HEUSER 
IN PREPARING AND SECTIONING EARLY EMBRYOS 


INTRODUCTION 


Readers of the Contributions to Embryology have long 
appreciated the remarkable technical ability of Chester H. 
Heuser * as shown not only in the preparations of early 
pig and monkey embryos, descriptions of which were 
published in collaboration with the late G. L. Streeter 
(1929, 1941), but also in those of human embryos, for 
example the perfect presomite specimen (Carnegie no. 
5960) described by Heuser (1932). When, owing to the 
enterprise and skill of A. T. Hertig and John Rock, the 
Department of Embryology was entrusted with a unique 
series of well preserved human embryos of the first three 
weeks, it was indeed fortunate that Dr. Heuser was at 
hand to prepare and section them and, with his unrivaled 
practical knowledge of very early mammalian embry- 
ology, to give advice and counsel on their study. 

Visiting colleagues who have seen Dr. Heuser working 
at the microtome and have observed the many novel 
details of his technique have often urged that they be 
described in print. Dr. Heuser’s modesty and his desire 


for perfection, however, have deterred him from render- 
ing this service to his colleagues. Finally, with his con- 
sent, the present account was prepared in consultation 
with other members of the Department. The author, 
who was associated with Dr. Heuser for many years, has 
often assisted in the embedding and sectioning of the 
embryos. In collaboration with Dr. Heuser, and fre- 
quently also on his own initiative, he designed and con- 
structed much of the special apparatus used in this work. 
Dr. Heuser has reviewed the draft of this paper and 
has given his approval. 


While this article was being prepared for press Dr. 
Heuser reached his seventieth birthday. The Staff of the 
Department of Embryology of the Carnegie Institution 
of Washington takes pleasure in presenting it in the 
Contributions to Embryology, which Dr. Heuser’s skill 
has so greatly enriched, as a tribute on this occasion to 
the lifelong scientific devotion of a beloved colleague. 


COLLECTION AND PRESERVATION OF EMBRYONIC MATERIAL 


SouRcEs AND TYPES 


Human embryonic material received at the Carnegie 
laboratory is of three kinds. The first group comprises 
specimens received from physicians outside of Baltimore, 
largely in response to periodic appeals circulated by the 
laboratory. They consist almost entirely of aborted or 
surgically removed chorions and of Fallopian tubes ex- 
cised because of tubal pregnancy. The instructions to 
physicians advise that such specimens be fixed in 10 
per cent aqueous formol. Although not the ideal fixative, 
formol is easily obtained and diluted for use. Specimens 
are safely kept and shipped in the same fluid without 
further attention. Furthermore, formol makes the tissues 
less opaque than do fixatives containing picric acid or 
mercurial salts, and thus leaves them in more favorable 
condition for examination and exploration. 

The second group comprises specimens obtained by the 
gynecologists and obstetricians of Baltimore hospitals 
with whom the laboratory is in close touch. These col- 
laborators are requested to telephone when they have a 
fresh specimen so that a messenger may be sent to bring 
the material for immediate attention at the laboratory. 
Such specimens are fixed, usually in Bouin’s picroacetic 
formol, by the experienced personnel of the laboratory. 

The third group comprises specimens obtained by 


1Member of the Department of Embryology, Carnegie Insti- 
tution of Washington, 1921-1950; Research Associate, 1950—. 
Professor of Microscopic Anatomy, Medical College of Georgia, 
1950—. 


special collaborators thoroughly familiar with the pro- 
cedures for fixation and subsequent dehydration, who 
carry out these steps on the fresh material in their own 
laboratories. In this category are the embryos obtained 
by Dr. Arthur T. Hertig and Dr. John Rock at the Free 
Hospital for Women, Brookline, Massachusetts, and sec- 
tioned by Dr. Heuser, which have so greatly contributed 
to our knowledge of human development during the first 
two weeks. 

It will be convenient to discuss first the handling of 
material already fixed, and the larger specimens which 
arrive at the laboratory in the fresh condition. These 
materials include naked embryos and fetuses; chorions 
of various sizes and in various conditions—intact or 
torn open; clots and decidual fragments which may con- 
tain embryonic tissues; extirpated uteri containing estab- 
lished pregnancies; and Fallopian tubes extirpated be- 
cause of ectopic pregnancy. 

The preliminary exploration of these diverse materials 
differs so much from specimen to specimen that only 
general suggestions can be given. The first step is, of 
course, to free the gestation sac of obscuring tissues, by 
cautiously opening the uterus, or by dissecting away clots 
and debris as the case may require. Chorions less than 
5 mm. in diameter must usually be studied and handled 
under the microscope, as will be described below. Larger 
gestation sacs may be handled by the usual methods 
employed with biological specimens of ordinary dimen- 
sions. Chorionic sacs found in aborted clots or in intra- 


4 HEUSER’S METHODS FOR PREPARATION OF EARLY EMBRYOS 


abdominal clots may simply be washed off with physio- 
logical salt solution, freed of adherent organized ma- 
terial as far as is safely possible, studied in a preliminary 
way, and, if small, fixed by immersion. Chorions 10 mm. 
or more in diameter should be opened in order to 
observe the condition of the embryo, and to decide 
whether to prepare it for sectioning. This statement 
applies whether the chorionic sac is obtained in an ex- 
tirpated uterus or as an aborted ovum. 


TusaL PREGNANCIES 


An oviduct (Fallopian tube) containing a gestation 
sac should always be explored with care, for a good 
embryo may be present; indeed, it is the tubal pregnan- 
cies that offer the best chance of obtaining human em- 
bryos in the early somite stages. 

A fresh pregnant tube should be dissected at once 
under physiological salt solution, since fixation adds 
greatly to the difficulty of exploration by forming ad- 
herent, stratified clots about the chorion. If, however, 
the specimen has been placed in fixing solution by the 
surgeon or pathologist, the embryologist must do the 
best he can. With either fresh or fixed material, working 
under the binocular microscope with finely pointed for- 
ceps, needles, and scissors, he cautiously removes a por- 
tion of the wall of the oviduct so as to make a window 
into its lumen, and gently pulls away the clots or, when 
possible, dislodges them with a stream of salt solution. 
If chorionic villi are seen, he proceeds with great care 
to uncover the chorion or to locate the embryo if it has 
been extruded from the chorionic cavity. With a fixed 
specimen this operation will require patient, piecemeal 
removal of the clots, small bits being broken away one at 
a time with the needle. 

The subsequent handling of the embryos will be de- 
scribed below, after the recovery of ova and blastocysts 
has been discussed. 


RECOVERY OF SEGMENTING Ova anp UNIMPLANTED 
BLastTocysts 


The special methods used by Dr. Heuser are primarily 
applicable to the material of the second and third classes 
mentioned above, that is, specimens obtained from local 
sources in fresh condition and specimens representing 
very early pregnancies adequately fixed before shipment 
to the laboratory. 

The procedures to be described are naturally not lim- 
ited to use with human material, but are for the most 
part applicable to mammalian embryos in general. In 
fact, they were largely worked out, in so far as they are 
original with Dr. Heuser and his co-workers, on other 
species, as will be realized by those who are familiar with 
the published reports of his studies, partly in collabora- 
tion with the late G. L. Streeter, on the early develop- 
ment of the domestic pig and the rhesus monkey. The 


only technique specifically designed for human material 
is that for opening the uterus, and even this was devel- 
oped by experience with the similar though much smaller 
uterus of the rhesus monkey. 


Tubal Ova 


The human ovum, like that of most other mammals, 
is in the oviduct (Fallopian tube) for about three days 
after ovulation, and may be recovered by washing out 
the lumen of the tube. 

The excised Fallopian tube should be brought from 
the operating room in physiological salt solution. The 
investigator holds it directly over a small dish (embryo- 
logical watch glass, fig. 1) in which a small amount of 


Pipette 


Ss 
Ly ~Fettopicn tube 


Fic. 1. Method used for recovery of tubal ova. 


the salt solution has been placed. The lumen is then 
irrigated with salt solution by means of a pipette with a 
large rubber bulb, inserted into the fimbriated end of the 
tube. Usually the uterine end is sufficiently contracted 
to cause distention of the ampulla, so that the spaces 
between the folds are irrigated; if the end of the tube 
is not contracted, it may be closed by compressing it 
between thumb and finger until the ampulla is slightly 
distended. The egg usually emerges with the first fluid 
that passes into the dish. The free end of the tube may 
whip about as the fluid is ejected; hence great care must 
be taken to keep it over the dish at all times in order not 
to lose even a drop. 

If the egg is not recovered at the first washing, the 
process is repeated. The tube may be lightly “milked” 
downward by the fingers, and finally a fine-pointed 
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pipette may be inserted into the narrow lumen of the 
uterine end and the tube irrigated in the reverse direction. 

Identification of the ovum. The fluid in the dish, 
adequately illuminated from below through the bottom 
of the dish or by a nearly horizontal beam of light 
through a side, is now carefully examined under a bin- 
ocular dissecting microscope at a magnification of about 
20 times. The free-lying ovum is usually easy to find. 
As its specific gravity is slightly greater than that of 
the salt solution, it sinks, and the microscope should be 
focused first on the bottom of the dish. If there is too 
much cellular debris in the fluid, it may be pushed aside 
with a dissecting needle. The ovum when lying in a 
clear space in the fluid is usually identifiable, despite its 
small size, by its round outline, which is more regular 
and definite than that of any other organic material 
present, and also by the bright double contour presented 
by the zona pellucida. Degenerating segmenting ova 
may lose their spherical form and become ovoid or even 
lenticular. Often observers have been misled by the pres- 
ence in tube washings of pseudomorulas formed from 
epithelial cells rolled into more or less spherical masses. 
Such masses may suggest a segmenting ovum so strongly 
as to require sectioning for identification, but with in- 
creasing experience it is possible to rule out most of them 
by inspection at a magnification of 20. 

Fixation and dehydration of these very small objects 
are described below. 


Free Blastocysts in the Uterus 


The human ovum is free in the uterus from about 
day 4 to day 6 after ovulation; it may be recovered from 
the uterine cavity by the following method taught to 
Dr. Hertig by Dr. Heuser in 1933 and used by Hertig 
and others ever since (cf. Hertig, Rock, Adams, and 
Mulligan, 1954) at the Free Hospital for Women, Brook- 
line, Massachusetts. The present description is based on 
the joint experience of the two laboratories. 

Opening and searching the uterus. The uterus is 
washed with salt solution to remove excess blood and is 
placed in a flat dish. The myometrium is incised with a 
scalpel through the areas of attachment of both broad 
ligaments, on each side, from the cervix to the region 
of the round ligaments, the muscle of the fundus being 
left uncut. The incision goes down to the base of the 
endometrium, which at this stage is left intact. Next, 
the specimen is immersed in a convenient dish, in physio- 
logical salt solution, which is promptly changed if it 
becomes clouded by blood. The uterine cavity is cau- 
tiously entered by incising the endometrium with a scal- 
pel and fine straight scissors, the latter being used chiefly 
to open the interstitial part of the tubes. The incision 
is made under a binocular dissecting microscope at a 
magnification of 3 or 4 and with strong illumination. 
Hertig has recommended making the first incision into 


the uterine cavity on the side opposite the recent corpus 
luteum, so that a free ovum lying near the tubal orifice 
through which it entered the uterus will sink into the 
depths of the cavity and not be lost through the first 
incision. When a small opening has been made, a well 
rounded pipette with an opening 3 or 4 mm. in diameter 
is inserted through it, and the fluid in the uterine cavity 
is pipetted off and placed in an embryological watch 
glass for examination under the dissecting microscope. 
Then the uterine cavity may be very gently rinsed by 
pipetting a little salt solution in and out, the washings 
being kept for examination. To avoid injuring an im- 
planted embryo, the pipette should never be inserted 
beyond the edge of the endometrium. 


Handling of Ova and Free Blastocysts 
All work with ova and blastocysts is done under mag- 
nification of not less than 20, and with adequate illumi- 
nation. Dr. Heuser uses an illuminator constructed in 
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Vaseline 
Fic. 2. Method of sealing and storing small specimens in an 
embryological watch glass with vaseline on ground surfaces. 


the laboratory, having a 50-watt 6-volt lamp with an 
adjustable aspheric condenser forming a well defined 
beam; it is operated from a toy transformer. 

The specimen under observation is transferred from 
dish to dish by sucking it into a pipette with a long, 
slender tip having an orifice at least 114 times the di- 
ameter of the ovum and provided with a small rubber 
bulb. 

Fixation. The specimen is transferred to a dish (em- 
bryological watch glass, fig. 2) of clear salt solution. It 
is fixed by gently flowing a stream of the fixing solution 
upon it with a pipette while it is under observation in 
salt solution. Gradually the salt solution is withdrawn 
as it is replaced by the fixing solution. The fluid mixture 
may be stirred by a gentle stream of air bubbles from 
the pipette, the ovum being watched constantly through 
the microscope. 

With such small objects, fixation will be complete in 
a few minutes; 5 minutes evidently sufficed for the 2-cell 
egg described by Hertig, Rock, Adams, and Mulligan 
(1954). The fixing fluid used routinely with the Car- 
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negie human and monkey ova is Bouin’s picroacetic 
formol, which gives good preservation of the nuclei and 
cytoplasm but tends to dissolve or at least to thin the 
zona pellucida. Investigators wishing to preserve the 
zona perfectly would do well to experiment with acid- 
free fixatives. 

Should the ovum stick to the dish because of coagula- 
tion of albuminous material on its surface, it is gently 
freed with a suitably fine hair. A hog’s bristle is too 
large and stiff. For years Dr. Heuser has kept a stock of 
spines from an anteater skin opportunely provided by a 
naturalist colleague; these spines have very fine hairlike 
tips. He has also used a human eyelash, or a hair from 
a camel’s-hair brush. A hair of any sort used in this way 
must be thoroughly wetted in the alcohol mixture to 
prevent it from floating unmanageably. 

Dr. Hertig once made use of the adhesion by letting it 
hold the egg in place during preliminary dehydration 
and transportation from Boston to Baltimore. 

Dehydration and temporary storage. These very small 
specimens are dehydrated by slowly dropping 70 per cent 
alcohol into the dish and gradually removing the diluted 
fluid with a pipette, the specimen being kept under 
observation, until the dish contains alcohol at 70 or 80 
per cent concentration. A refinement of this method 
favored by Dr. Heuser employs two pipettes: the ovum 
is drawn into the stem of one; with the other, alcohol 
of higher concentration is added to the dish. The ovum 
is discharged into the dish and moved about by a 
pipette-driven stream of the alcohol mixture. This pro- 
cedure is repeated until the concentration required for 
temporary storage, photography, and so forth, is reached. 

Fixatives other than Bouin’s necessitate preliminary 
washing of the specimen with distilled water, by a similar 
process of gradual replacement, before dehydration with 
alcohol. 

Ova and blastocysts are best stored in an embryological 
watch glass with the rim ground flat; a cover of sheet 
glass made airtight by a layer of vaseline (petroleum 
jelly) (fig. 2) should be held in place with a spring clip 
or two small strips of masking tape. 

Packing small objects for transport. Ova and blasto- 
cysts may be safely transported in glass tubes plugged 
at both ends with absorbent cotton. Tubes are better 
than vials because they can be emptied from either end; 
and cotton is better than cork because it is cleaner and 
contains no tannin, which might discolor the specimen. 
The tube should be about 30 mm. long, 6 mm. in di- 
ameter. The plugs are prepared by putting wisps of 
cotton in a dish of alcohol of the same concentration 
as that in which the specimen is stored. By pressing the 
cotton against the dish and turning the free ends of the 
fibers into the center with two pairs of forceps, a smooth, 
unraveled layer of cotton is formed on the bottom, and 


this face of the plug is pushed into the tube under 
alcohol. With a pipette the specimen is introduced well 
into the alcohol-filled tube, and a second cotton plug is 
pushed into the other end of the tube. When the plugs 
are in place there should be no air bubbles in the fluid. 
The tube is placed in an alcohol-filled stoppered bottle 


for further storage or transportation. 


Discovery AND PREPARATION OF IMPLANTED EMBRYOS 


If no ovum or blastocyst is recovered in the above 
steps, or if the clinical history or the appearance of 
the uterus suggests the presence of an implanted embryo, 
after the myometrium has been incised as described above 
(p. 5), the uterine cavity is opened under salt solu- 
tion by cutting through the endometrium on each side, 
beginning at the os and working toward the fundus. The 
anterior half of the uterus is gently pulled away from 
the posterior half as the lateral cuts progress, in the 
hope of seeing the implantation site in time to avoid 
damaging it. This operation of cutting the endometrium 
and searching the cavity as it is exposed is performed 
with the aid of a wide-field microscope or a binocular 
loupe. Finally, the two halves of the uterus are com- 
pletely separate except for the uncut fundus musculature, 
which should serve as a temporary hinge, the fundal 
endometrium being left intact as long as possible in case 
the implantation site is at the fundus. During the whole 
process the uterus is completely immersed in physiologi- 
cal salt solution, the fluid serving not only to keep the 
specimen moist but also to support the delicate embryonic 
tissues. 

When the surface of the entire cavity is revealed, the 
two halves of the uterus still under fluid are oriented, 
with their endometrial surfaces uppermost, in the dish 
in which the dissection was carried out. A beam of light 
is directed so that it glances across the surface, and the 
endometrium is carefully examined for a possible small 
elevation or a local hemorrhage which might mark an 
implantation site (fig. 13, pl. 1). Once such a site is 
identified, its salient features are briefly noted and every 
special feature is sketched. The surface is then flooded 
with Bouin’s fluid while still under salt solution, and 
when it has been thoroughly fixed, the half uterus is 
again examined under the microscope for evidence of 
implantation that may have been missed in the fresh 
condition. It is finally transferred to a dish of Bouin’s 
fluid without exposure to the air. 

It generally will be convenient to transfer the entire 
half uterus to 35 per cent alcohol and continue the de- 
hydration with alcohol of increasing concentration until 
a strength suitable for temporary storage (70 to 80 per 
cent) is reached. At this stage a block containing the 
implantation site is cut from the half uterus (fig. 29, 
pl. 3). For this operation a very useful instrument is a 
suitably fashioned piece of razor blade mounted in a 
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needle holder. The implantation site is photographed 
before the block is cut out, and the block may again be 
photographed after removal to show the site from various 
angles. 


DissECTION OF THE LarcGER CHORIONS 


Chorions 10 mm. in diameter or larger are usually 
dissected in 80 per cent alcohol. The specimen is placed 
in a medium-sized Stender dish and is completely covy- 
ered by the fluid. The bottom of the dish is lined with 
a sheet of cork cut to fit tightly and forced into place; 
or a removable piece of cork may be weighted by a 
square sheet of tinned metal placed under it with the 
corners of the tin bent over the cork. If the chorion is 
accompanied by and attached to part of the uterine wall, 
the specimen is fixed to the cork with fine pins (in- 
sect mounting pins are useful for the purpose) inserted 
through the myometrium. More delicate specimens, like 
naked chorionic sacs, may be held in position for dis- 
section by means of threads, looped over the specimens 
and tied either to the pins or to small copper eyelets 
(wires with a loop at one end) stuck into the cork. With 
very small specimens, the ends of the threads may be 
held to the cork by mounds of vaseline. One end is 
fastened down; the specimen is posed; the thread is 
gently laid over the object, and pressed into the opposite 
mound of vaseline. Such mounds may also cradle the 
specimen. A 5-ml. syringe makes a convenient dispenser 
for the vaseline (fig. 16, pl. 1). Small blocks of glass, 
standing alone or supported by vaseline, may also serve 
as temporary supports. 

Before the chorionic sac is opened, an effort is made 
to locate the embryo and the attachment of the umbilical 
stalk. Transmitted light is directed on the chorion if 
it is not too opaque, and gentle pressure is applied here 
and there over the decidua capsularis, if this is still zn 
situ, or over the free surface of the chorion. An area that 
yields readily to such pressure is presumably safe for 
incision. 

The incision is begun by pricking the tissue with a very 
fine, very sharp needle, under the dissecting microscope. 
None but the finest of needles will penetrate the tissue 
without indenting or damaging it unduly. Only the 
point of the pricking needle is inserted. When the 
needle is in position, it is held in one hand, and with the 
other hand a larger, blunter needle is stroked over the 
tissue that overlies the inserted point, producing a tiny 
cut. The fine needle or a favorably shaped piece of razor 
blade is then advanced and stroked along the incision, 
and the cutting is continued until the cavity of the 
chorion is entered. As soon as the orifice is large enough, 
the cavity is inspected under strong illumination. By 
means of a small pipette barely inserted within the cavity, 
loose coagula within the chorion may be gently flushed 
away with a stream of fluid. 


When a short slit has been made it may be held open 
by small spreaders made from strips of cellophane, so 
that the hands are freed for further dissection. As soon as 
the embryo or yolk sac has been located, or when a clear 
pathway for further safe exploration is discerned, the 
direction in which the cutting is to proceed is planned, 
and thereafter the incision may be continued with sharply 
ground forceps and iridectomy scissors. An incision being 
made in a small chorion under a relatively high power 
of the dissecting microscope, and consequently in a 
restricted visual field, can be directed step by step over 
the whole distance by choosing under a lower power 
small landmarks (such as the mouth of an endometrial 
gland, or a small tag of tissue on the chorion) which 
lie in the desired direction but within the smaller field. 
Larger chorions are incised with fine dissecting scissors 
of the ordinary kind or with a razor blade. 

The plan of the opening thus made will naturally be 
determined by the situation of the embryo in each 
chorion, the purpose being to open the chorion widely, 
so as to expose the embryo for photography and to per- 
mit excising it intact for sectioning. Usually a circular 
cut is made, removing a cap which may include half of 
the chorion. The embryo, if well advanced, is ultimately 
detached by severing the umbilical cord; the area of 
attachment containing the body stalk of an early embryo 
is separated from the rest of the chorion by a small cir- 
cular cut in the region of the body stalk, on which a few 
overlying villi are left undisturbed. 


DEHYDRATION oF Empryos witH MEcHANICAL STIRRING 


Delicate objects and tissues, such as are handled by the 
embryologist, require very gradual change of the con- 
centration of alcohol in order to avoid damage. The 
conventional method of transferring the specimen from 
one dish of alcohol to another of higher concentration 
consumes overmuch time and attention if the changes 
are sufficiently gradual. For this reason the Carnegie 
laboratory has used with success two methods utilizing 
mechanical stirring and continuous change of alcohol 
concentration. Specimens small enough to be enclosed 
in a vial are subjected to mechanical stirring as follows. 


Closed System 


The specimen, in weak alcohol, is enclosed in a “trap,” 
for example a glass cylinder closed at both ends with 
linen cloth or with aluminum foil pierced with fine 
needle holes (figs. 3, 4). The trap is immersed in a 
closed vial or wide-mouthed bottle (fig. 5) containing 
alcohol of higher concentration. The bottle is placed on 
a rack or similar device designed for holding several 
such vessels (fig. 15, pl. 1), and the rack is slowly rotated 
by a motor so that the fluids in the jar and in the inner 
trap are agitated and gradually intermixed through the 
mesh or needle holes. The advantage of the closed system 
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is that once the specimen is placed in the trap it need 
not be touched again until dehydration has reached the 
desired point. 

The rate of mixing, which is determined by the size 
of the holes and the rate of movement, has been arrived 
at empirically. When mixing is complete, there is no 
convection current when the two fluids are united at the 
end of the run. A trap of ro-cc. capacity in a 25-cc. 


Specimen 


Fic. 3. Specimen trap with perforated foil and air bell. 


a 


suitable size is chosen; for small embryos in the limb- 
bud stage, for example, a piece 12 mm. in diameter and 
25 mm. long will serve. The ends are flared outward by 
heating and reaming. Caps are made by crimping disks 
of aluminum foil down over the smaller end of a cork 
that fits the tubing easily. While the foil is still on the 
cork, numerous fine holes are pricked in it with a needle. 
The cap has the shape of a truncated cone with a skirt 
at its base. It is pushed into the open tube like a cork, 
and the skirt is crimped over the flared end. In this way 
the fine projections about the needle holes are aimed 
outward, leaving a smooth perforated surface next to 
the specimen. Before use, caps are thoroughly cleaned 
with distilled water and alcohol. The volume of the tube 
is measured for subsequent use in calculating the strength 
of celloidin during the infiltration process. 

For holding a small, delicate embryo, such as one of 
the early somite stage with attached yolk sac, the vial 
may be molded by heating and indenting its walls to 


Cc d 


Fic. 4. Elements of a specimen trap: a, flared glass tube; 4, aluminum foil cap viewed in section; ¢, end view of cap; d, cap in posi- 


tion on flared end of glass tube. 


Phosphor bronze spring clip 


Ground 
surfaces 


Fic. 5. Wide-mouth specimen bottle with glass closure. 


container exchanges within 24 hours. It is convenient, 
therefore, to replace the alcohol in the container, once a 
day, with alcohol 5 or 10 per cent stronger. When 
absolute alcohol and ether-alcohol are reached, several 
changes of each, rather than one change per day, are 
required. 

Experience has shown that rotation of the rack bearing 
the containers at a rate of 2 to 4 times per minute will 
not traumatize or abrade small embryos. Figure 17 (pl. r) 
demonstrates the perfect dehydration, without collapse 
or distortion, that can be achieved by this method. 

To make the trap (fig. 4), a piece of glass tubing of 


make rounded supports; or narrow rectangular strips of 
cellophane, thick enough to be springy, and slightly 
longer than the inner diameter of the vial, may be 
sprung into place at the ends of the specimen, to prevent 
excessive movement. Another method of immobilizing 


Specimen 


Fic. 6. Trap with plastic insert for immobilizing specimen 
to prevent injury during dehydration and infiltration. 


a specimen is shown in figure 6. These contrivances 
must be fashioned according to the size and shape of 
each embryo. Thus, when the vial is gently stirred by 
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rotation of the rack, the specimen can move a little, but 
its weight will not fall upon such delicate structures as 
the yolk sac or the roof of the fourth ventricle. Fluids 
entering through the perforated foil at the ends of the 
vial freely exchange with the fluid in the vial through the 
spaces around the embryo and the supporting bosses and 
strips. 

The cleaned trap, closed at one end, is placed in a dish 
containing the specimen in alcohol of known concentra- 
tion. The specimen is coaxed into the open end, which 
is then closed. If the transfer is properly made under 
fluid, there will be no air within the trap; if desired, 
however, a small bubble may be introduced by a capillary 
pipette through one of the perforations in the foil or 
through a mesh of the linen cap. 


Open System 


In this method, no longer much used, the specimen 
lies at the bottom of a jar, in an alcohol solution stirred 
by a motor-driven glass plunger moving in a perforated 
glass cylinder. Alcohol of a higher percentage drips into 
the jar at the rate of about one drop per second, the rate 
being controlled by a plug of cotton packed against 
indentations in the drip tube. 

An intermittent siphon drains excess fluid from the 
jar. The entire assembly is enclosed in a dust-proof 
cabinet, except the motor, which is mounted outside. 
The stirring action is varied by a simple eccentric mech- 
anism on the motor shaft. 

This method is subject to loss by evaporation, especially 
with strong alcohols and alcohol-ether. 


PHOTOGRAPHY 


CAMERA 


Ova and embryos are photographed with a camera and 
stand (fig. 14, pl. 1) developed at the Carnegie laboratory 
to meet its specific requirements. An early form of the 
apparatus first used by Dr. Heuser has been described 
and illustrated by Heuser and Streeter (1929); its final 
form, constructed by O. O. Heard, was reported by 
Heuser and Heard (1942). The camera is mounted ver- 
tically on a hinged support; below it a binocular micro- 
scope is so mounted on a pivot that the microscope and 
camera may be moved alternately in and out of position 
on the optical axis of the camera. The essential feature 
of the apparatus is the ability to position the specimen in 
the pivotal plane. The swinging microscope is set to fo- 
cus on this plane, and the level of the camera front (lens 
board) is adjustable. Lens adapters are interchangeable 
and designed for parfocal adjustment through the range 
of lenses used, so that, no matter which lens is selected, 
the camera when in position will be nearly in focus in 
the same plane. 

The specimen, mounted on a stand which can be raised 
and lowered by a screw, is brought into the focal plane 
by adjustment of the stand. Thus the specimen may be 
posed and the lighting arranged with the aid of the 
microscope (fig. 24, pl. 3). The microscope is then swung 
away and the camera is swung into position. Now the 
image of the specimen falls centrally on the photographic 
plate and is approximately in focus. 

To permit stereoscopic photography, the camera is piv- 
oted at its focal point. By this means it can be tilted 
laterally, without going out of focus, to positions right 
and left respectively of the vertical, at the proper angle 
to yield correct stereoscopic fields. 

Magnifications from less than 1 to 50 are obtained by 
means of photographic objectives (for example, Micro- 
tessars). The camera is provided with stops and tem- 
plate rods to facilitate the use of various lenses to obtain 


precise magnifications. For magnifications above 50 the 
compound microscope is used; stereoscopic photography 
by tilting the camera is then hardly feasible. 


PHorTocRAPHING EmBryos 


For photographing embryos by reflected light, a Sten- 
der dish is set in half a Petri dish, which serves as a moat 
to catch spilled alcohol. If a light background with a 
shadow of the specimen is desired, a piece of opal glass 
is placed in the bottom of the dish, and a disk of clear 
glass is mounted at a short distance above it. It may be 
convenient to put the opal glass in a small Petri dish 
inside the Stender dish and let the rim of the Petri dish 
support the clear glass. The extent of the shadow cast 
on the opal background depends on the distance between 
the clear and the opal glass. 

The specimen is carefully freed of small specks of dirt 
and organic debris with a camel’s-hair brush and a clean- 
ing pipette as described in the next section. It is put in 
the Stender dish, which is placed on the focusable stand 
of the camera mentioned above (fig. 14, pl. 1), and is 
posed under the binocular microscope of the photo- 
graphic apparatus. To immobilize and support the em- 
bryo, small mounds of vaseline are extruded from a 
small syringe (fig. 16, pl. 1) onto the glass bottom plate. 
The vaseline may be built up to the right height and 
molded with needles until the embryo is in the desired 
pose. The dish, completely full of alcohol, is then cov- 
ered by sliding a flat glass plate over it, excluding all air. 


Illumination 

Two focusable spotlights are desirable, one to provide 
the general illumination and the other at a somewhat 
greater distance to balance the shadows and bring out 
particular details. Diffusing plates of ground glass may 
be interposed (fig. 24, pl. 3). The use of two lights 
has replaced a former practice of mounting a curved 
reflector of white paper in the dish near the specimen, 
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to balance the light of a single lamp. A glancing beam 
is effective for showing fine details, as on the surface of 
a blastocyst, or for emphasizing surface modeling of an 
embryo. 

Transmitted light has been used in photographing 
cleared specimens (to show the skeleton or injected blood 
vessels, and so forth) with the aid of a special condenser 
held horizontally in a modified microscope stage. 


PHOTOGRAPHING FREE Ova 
Photographic Cell 
A cell (fig. 7) is prepared from an ordinary slide 
(1 inch by 3 inches), a square cover slip, and four small 
glass slips made by cutting a cover slip into narrow 
strips. A square area somewhat smaller than the whole 
cover slip is marked off on the middle of the slide by 
extruding a line of vaseline from a syringe. The small 


Glass slide 
Strips of cover glass 


Vaseline 


Fic. 7. Special mount for free ova built on a x by 3 inch slide, 
composed of pieces of glass cover slip and vaseline. 


strips of thin glass are pressed down onto the vaseline 
and covered with a second line of vaseline. The slide is 
placed in a shallow finger bowl and covered with alcohol 
of exactly the same concentration as that in which the 
ovum is stored. The concentration can be tested by 
adjusting the dilution so that no diffusion currents are 
produced when a drop of one alcohol mixture is placed 
in the other. If the two mixtures were not alike, the egg 
might be lost by spinning away in the diffusion current. 


Transferring the Specimen 

If the ovum is stored in a dish rimmed with vaseline 
and covered with a glass plate, the lid must be partly 
slid off (the operator watching the egg through the 
microscope) so that a little of the fluid can be pipetted 
off to prevent alcohol and the egg from flowing over 
the rim of the dish. 

Any spicules of dirt near the egg are cautiously re- 
moved under the microscope. For transferring ova a 
glass pipette with a long narrow tip is used. It is chem- 
ically cleaned and rinsed with distilled water and with 
alcohol of the same concentration as that in the dishes. 
The tip is partly filled with alcohol by suction; it is then 
put into the dish containing the egg, a drop or two of 
alcohol is extruded, and under the microscope the tip 
is brought up to the egg. The egg is sucked into the 


pipette by lightly releasing the bulb. It is kept in view 
through the wall of the pipette at all times. If the pipette 
is chemically clean, the egg will not stick in it; if it does 
stick, gentle pressure on the bulb may release it. If not, 
the pipette is scored with a diamond pencil and broken 
off at a safe distance from the egg, which may then be 
freed by a hair inserted into the tip. 

Before the ovum is transferred to the specially pre- 
pared cell, the cell is examined under the microscope to 
make sure that the area within the square is free from 
dirt. A cover glass is placed on the end of the slide ready 
for use; it should be slightly smaller than the width of 


Needle ; lp 


Coverglass 


Vaseline 
Slide 


Glass strips 


Fic. 8. Method of transferring egg to special mount totally 
submerged in a glass finger bowl. 


the slide, to lessen the danger of accidental dislodgment 
in subsequent handling. The ovum is ejected from the 
pipette into the cell. The cover glass, picked up with for- 
ceps, is held at one side by a needle and gently lowered 
onto the top of the glass-rimmed square, and is pressed 
down to ensure that the vaseline seal is complete (fig. 8). 

The slide may now be lifted out of the bowl. Excess 
alcohol is blotted off, and the slide is ready to be placed 
under the photographic microscope. The egg may be 
kept safely in the cell, for days if necessary, until micro- 
scopic study and photography have been completed, by 
simply reimmersing the cell in the bowl of alcohol when 
it is not in actual use. The bowl should be covered and 
sealed with vaseline against evaporation. 


Cleaning Device 
A useful device for removing small particles of foreign 
matter from the vicinity of an ovum or from the surface 
of the specimen itself is a thin-walled glass tube (3-mm. 
bore), drawn out at one end to form a fine capillary tip 
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which is bent at 45°. The other end, serving as handle, 
is fitted tightly with a cork and is provided with a rubber 
tube. With this pipette, particles of debris can be flushed 
away or picked up by suction. When not in use the 
delicate pipette is protected by putting it tip down into 
a 50-cc. bottle so that it is held by the cork. 


Posing the Ovum 

Positioning very small, round specimens such as seg- 
menting ova and blastocysts presents difficulties, because 
the specimen is necessarily mounted in a closed cell for 
photography under the compound microscope. Trial- 
and-error methods must be used. Experience shows that 
an egg tends to rest in one position in the cell but can 
be moved by various means. The slide may be removed 
from the stage and cautiously jolted or tilted, the result 
being checked with a hand magnifier. A bubble in the 


cell may be efficacious in moving the ovum about. A 


bubble may be deliberately left when the specimen is 
first mounted in the cell; or, by submerging the slide in 
the finger bowl and slightly displacing the cover slip, a 
small air bell may be introduced with the cleaning pi- 
pette. When the slide is tilted the bubble will move the 


egg. 
Illumination 


Very small objects, like unsegmented and segmenting 
eggs, are usually best photographed with transmitted 
light. Sometimes a modified dark-field illumination re- 
veals details of single cells in morulae with as many as 
8 cells. Later stages yield better results with reflected 
light, either vertical or glancing, as determined by trial. 
A spotlight with focusable beam is essential. Negatives 
are made with differing poses and illumination in order 
to record the totality of details that cannot be shown in 
any one view. 


EMBEDDING 


ParaFFIN 


The ordinary paraffin method has been employed at 
the Carnegie laboratory for small embryos and will no 
doubt continue to be used in special cases, although 
double embedding in celloidin and paraffin is now pre- 
ferred for the more valuable specimens. 

The procedures in paraffin embedding are the conven- 
tional ones, except that the apparatus and instruments 
are adapted to the individual handling of small, delicate, 
and very valuable specimens requiring accurate orienta- 
tion for serial sectioning. 

Specimens of relatively large size (5 mm. or more) 
after being photographed are carried through the later 
stages of dehydration (80 per cent to absolute alcohol) 
in the mechanical apparatus described above. They are 
then transferred by hand. Binocular microscopic obser- 
vation is essential while very small embryos are being 
transferred from dish to dish; otherwise, there is real 
danger of losing them. Such transfers may be made by 
pipette, improvised spoons, or cups so that specimens may 
at all times be totally submerged and observed with 
convenient magnifications, as in figure 9. Orientation in 
the paraffin block is accomplished by the usual method: 
when the paraffin is on the point of congealing, the 
specimen is placed in the desired position, in the dish or 
paper box to be used for embedding, by means of an 
electrically heated copper needle. 


Very Small Objects 
Segmenting ova can be more easily kept under obser- 
vation during transfer through the alcohols and embed- 
ding if they are deeply stained with eosin after the in 
toto photographs are made. Drops of alcoholic eosin may 
be added to the dehydration alcohol at any stage, pref- 
erably as soon after photography as possible. 


During the infiltration with paraffin and the actual 
embedding, heated instruments are required, and con- 
venient apparatus (fig. 9) must be at hand to keep the 
paraffin liquid and at the proper temperature. A brass 
or copper plate, electrically heated and thermostatically 
controlled at a constant temperature, is supplemented by 
overhead heat by radiation from electric bulbs. Over one 
end of the warm plate a binocular microscope is placed 
so that the dish and specimen can be observed and all 
transfers from one fluid to another made directly under 
the lenses. The eggs are transferred in a pipette wound 
with resistance wire and heated by electric current closely 
regulated to keep the contained paraffin at the melting 
point. 

The eggs are embedded beside a small piece of stained 
tissue which serves as a marker. The piece is cut from 
some soft tissue large enough to be plainly visible to the 
unaided eye. It is first embedded in the usual way in a 
small mass of paraffin which is allowed to harden. When 
the egg is ready for embedding, the paraffin is melted 
with an electrically heated copper needle, bent at an 
angle of 45° a few millimeters behind the working point, 
until the marker is almost free, and the egg is deposited 
close to one end of it. If the electric needle is carefully 
used, there is little danger of superheating the paraffin 
and thereby injuring the specimen, since it rests upon the 
congealed paraffin in a layer barely above the melting 
point. The orientation cannot be accomplished with the 
copper point of the same electric needle that melts the 
paraffin because the heat might injure the specimen if 
the needle should touch it, and moreover the hot needle 
causes eddies in the melted paraffin which might dis- 
lodge the egg from the desired spot. A very useful em- 
bedding tool is one provided with two working points, 
one hot and one warm. It is made by soldering at the 
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bend of the copper point a short piece of fine German 
silver wire, bent in the same plane but in the opposite 
direction, so that a gap of 1 or 2 mm. separates the two 
points. The specimen is oriented with the silver point, 
which does not conduct the heat as well as copper and 
is not hot enough to melt the paraffin. Should the paraf- 
fin begin to congeal around the egg too soon, the in- 
strument is rotated and the copper point quickly liquefies 


CELLOIDIN-PARAFFIN 
Relatively Large Specimens 
Years of experience in the sectioning of mammalian 
embryos have resulted in preference for double embed- 
ding in celloidin and paraffin. This method protects 
fragile tissues against the risks of loss of sections and of 
fragmentation that occur with paraffin alone. A low- 
melting-point paraffin can be used. Furthermore, the 
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Fic. 9. Warm plate with electrically heated instruments and controls arranged for microscopic examination while specimen is 


being embedded in paraffin. 


it again. Sometimes a loop of resistance wire heated by 
passing the electric current through it is mounted on the 
arm of a lens holder equipped with a rack and pinion, 
and so placed as not to touch but to rest just above the 
embedding mass of paraffin. By regulating the distance 
between the loop and the specimen, the depth to which 
the paraffin melts can be controlled; and by manipulation 
with a needle passed through the loop, the egg can be 
accurately placed in relation to the marker. As long as 
the paraffin is melted, the egg can be seen sufficiently 
well under the microscope to permit placing it in the 
correct position. The marker can be seen even after the 
paraffin congeals. The block is secured in the microtome 
so that the marker lies between the knife and the object. 
Sections are cut until the first part of the marker is 
reached, and these are discarded. The remaining part of 
the block is then cut; the sections containing the speci- 
men itself are located by inspecting the ribbon with a 
microscope, and these alone are mounted. 


celloidin-paraffin method, as will appear below, is essen- 
tial in Dr. Heuser’s procedure for orientation of embryos. 
The double embedding facilitates the wet-knife method 
of sectioning, which reduces compression in cutting. 

Celloidin-paraffin embedding in its practical aspects 
was introduced to Dr. Heuser in 1931-1932 by a guest 
investigator, Dr. Peter Mihalik, who had familiarized 
himself with the method in Europe. Experience has 
suggested various modifications. 

After the specimen has been photographed, it is dehy- 
drated and carried into the ether-alcohol mixture (equal 
parts ethyl ether and absolute ethyl alcohol) by means 
of the mechanical agitator described above. At this stage, 
support of the more delicate embryos by molded vials 
and by cellophane retaining strips is especially desirable. 

Celloidin is added in solid form to the ether-alcohol 
and allowed to dissolve, so that the concentration is 
raised very slowly and infiltration is gradual. 

The celloidin currently used at the Carnegie labora- 
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tory is prepared by the Mallinckrodt Chemical Works, 
St. Louis 7, Missouri. The chips are washed in absolute 
alcohol, inspected, dried on filter paper, and stored in a 
clean glass-covered dish. 

The volume of the vessel in which the embryo is to be 
infiltrated (see next paragraph) having been ascertained, 
enough of the clean celloidin is weighed out to make an 
8 per cent solution when dissolved in the contents of the 
vial. The proper amount of celloidin is divided into four 
approximately equal parts for successive addition. 

The vessel used by Dr. Heuser is a small, wide- 
mouthed specimen bottle. The opened end is ground 
flat and sealed with a glass plate held in position with 
a metal spring clip. A circular sheet of cellophane is 
shaped over the small end and the sides of a cork with 
a hot spatula, to form a basket, which is perforated with 
numerous holes in its end and wedged into the neck of 
the bottle. This arrangement is suitable for all except the 
very smallest specimens, which are more conveniently 
handled with a miniature rocking device described on 
page 14. One-fourth of the weighed celloidin is placed in 
the vessel, to be gradually dissolved in the ether-alcohol 
as the fluid is gently stirred by the machine. When the 
first quarter part of the celloidin is dissolved and the 
embryo is, therefore, in a 2 per cent solution of celloidin, 
another quarter is added, and so forth until the desired 
concentration of 8 per cent is reached. 

Boxing. A rectangular box, open at the top, is made 
of cellophane sheeting by folding a piece of the requisite 
size around a wooden block. The corners of the box are 
pressed flat with a warm knife blade, any fullness at the 
sides of the box being pressed toward the corners. The 
cellophane used at the Carnegie laboratory is du Pont 
MST-3W; any other transparent plastic sheeting should 
be tested to make sure that it is not soluble in alcohol- 
ether or in chloroform. A dish with a neatly fitting cover 
is chosen, a little larger than the cellophane box, and a 
small amount of alcohol-ether is placed in it. The cello- 
phane box is put into the dish and is partly filled with 
8 per cent celloidin. The embryo may then be trans- 
ferred to the box from the vial in which it was infiltrated, 
with a little dipper made of foil. Dr. Heuser prefers, 
however, to pour the contents of the vial gently into 
the box, letting the embryo be carried with it. Here 
again the embryo must be submerged at all stages of 
the process in order to avoid unequal pressure and con- 
sequent deformation. 

The dish is covered to allow air bubbles to rise to the 
surface and be dispelled by the alcohol-ether vapor from 
the layer in the bottom of the dish. The alcohol-ether 
is then pipetted off and chloroform is substituted, or the 
box is lifted to another covered dish containing a little 
chloroform. When the celloidin begins to congeal under 
the influence of the chloroform, the box may be tilted 
and held at various angles, so that the embryo is coaxed 


into the desired position and finally held there when the 
celloidin becomes firm enough to prevent it from sinking. 
Use of a needle or other tool at this stage would intro- 
duce ineradicable bubbles and thus ruin the block. There 
should be clear celloidin on all sides of the embryo to a 
thickness of 6 mm. or more, to allow for trimming of the 
block. Considerable time and patience must be devoted 
to this tedious maneuvering of the specimen into correct 
position. 

Clearing the block. The celloidin block is left in the 
dish in chloroform vapor until it is hardened throughout, 
usually overnight. It is then cleared in several changes 
of cedarwood oil or oil of pine. It may be stored indefi- 
nitely in either of these clearing oils. 

Orientation. ‘The specimen will, of course, have been 
oriented in the block as accurately as possible. Orienta- 
tion is a relatively simple matter if the long axis of the 
embryo is observable and if the head form, limb buds, 
and other externally visible features are available as aids. 
A block of uterine wall containing an implantation site 
can be oriented with reference to the edges and surface 
of the block. A small intact chorion, on the other hand, 
presents no such information. The general position of 
the early embryo or germ disk within the chorion may 
be ascertained by observations during the first prepara- 
tion and subsequent observations of the specimens, for 
instance by transilluminating the chorion and noting 
the shadow of the germ disk, body stalk, or yolk sac. By 
relating this information to small details of the surface, 
some degree of approximate orientation will have been 
attained. If no inner structure has been seen, it may be 
useful to orient the block with reference to the longest 
axis of the chorion. The germ disk usually but not 
always lies at the deepest point of the chorionic cavity. 

When the block is to be mounted it is studied with 
the microscope under clearing oil. Trying various powers 
of the microscope, illuminating the block from various 
angles, and studying it in many positions, the embry- 
ologist takes note of all available clues that may enable 
him to choose the most advantageous plane of section. 
In this part of the task previous experience is extremely 
helpful. Dr. Heuser’s conspicuous success in cutting the 
Hertig-Rock embryos and other early specimens has de- 
pended upon his accumulated knowledge of the form of 
young embryos and their situation within the chorion. 
Even he, however, is not able to determine the exact 
plane for sectioning an embryo of the presomite or early 
somite stage in the intact chorion. Assurance is possible 
only if the chorionic cavity is opened. 

Reference marks (pins). When after careful study the 
plane of section has been decided upon, it is marked by 
inserting two pins through the celloidin block at right 
angles to each other, in planes parallel to the proposed 
plane of section, far enough apart so that they do not 
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strike each other, and at a safe distance below the em- 
bedded embryo (fig. 25, pl. 3). 

The pins are the thin, stiff kind employed by insect 
collectors. The points are shortened by grinding so that 
they can be pushed through the celloidin without risk of 
accidental diversion caused by bending of a long, finely 
tapered point; but the shortened points must be made 
sharp to avoid cracking or distorting the celloidin. One 
of the two pins is bent at a right angle near the head 
to distinguish it from the other. 

The block is held with forceps in a dish of clearing 
oil, and, while the embryo is closely observed under the 
dissecting microscope, the two pins are pushed through 
the block, one at a time. If the specimen is not very sym- 
metrical, it may be difficult to place the pins suitably. 


Field of view SSS 


Fic. 10. Wide-field binocular microscope goniometer for meas- 
uring the angles of orienting pins in relation to a predetermined 
plane of section. 


Dr. Heuser frequently pushes short pins part way into 
the block as temporary marks before inserting the two 
long pins. 

Correction of the plane. The placement of the pins is 
checked by restudy of the block under the dissecting 
microscope, with reference also to whatever notes and 
sketches the embryologist has made while choosing the 
plane of section. After much experience Dr. Heuser has 
found that he can usually place the pins within 2° to 3° 
of the desired plane. 

Errors in placement must now be measured (as will 
be described in the next paragraph) and recorded in 
order that they may be finally corrected when the block 
is mounted on the carrier of the microtome. If there is 
an obvious error (6° or more), however, it is best to 
withdraw the incorrect pin and reinsert it, because com- 
pensating for an error of this size by tilting the block 


may displace the second pin from its position in the 
correct plane. 

Small errors of placement are measured with a special 
goniometer (fig. 10) consisting of a brass plate mounted 
on one eye tube of the dissecting microscope just below 
the eyepiece and projecting fanwise laterally. An arc at 
the far end is graduated in degrees, and a pointer is 
fixed to the eyepiece. As the eyepiece is rotated, the 
amount of rotation is read on the arc. In the eyepiece is 
a glass disk engraved with a single fiduciary line or a 
grid of parallel lines. The block being at rest in clearing 
oil under the microscope, the fiduciary line is placed in 
the desired plane, then rotated until it is aligned with 
the pin, and the angular correction is recorded. By an- 
other observation at right angles to the first, the error of 


Adjustable — 
eccentric 


Wire connector 


Glass cover 


Bronze clip 
Specimen dish 


Wp Re 
= i 


CO 


Fic. 11. Device for infiltration by mechanical stirring, with a 
simple adjustable eccentric and wire connector to facilitate ad- 
justments. 


placement of the second pin is also recorded. The record 
consists of a careful diagram showing the block, the 
embryo, the two pins, and the respective corrections. 
Before the development of the home-made special goni- 
ometer, similar corrections were made by projecting the 
images of the embryo and the pins with a camera lucida 
onto ruled paper, on which the correction angles could 
be measured with an ordinary protractor. 

With angles of less than 6° of arc, the subsequent 
correction of the error of one pin will not materially 
displace the other pin if it is in the correct plane. 


Very Small Specimens 
Very small objects (ova and blastocysts) are infiltrated 
in an embryological watch glass. To the ether-alcohol 
mixture in which they lie, celloidin is gradually added, 
either as drops of a thick solution or as small, dry chips. 
To facilitate solution and uniform mixture the dish is 
placed on a small motor-driven rocking apparatus re- 
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sembling a miniature seesaw (fig. 11). The rate and 
magnitude of rocking are controlled by a cam revolving 
at a selected speed. The watch glass is provided with a 
cover tightly clamped to its upper ground surface (fig. 2) 
and sealed with dilute celloidin. When the desired con- 
centration (8 per cent) is reached, the specimen remains 
in it for 48 hours, after which it is boxed and the cel- 
loidin is hardened. 

Boxing. A cellophane box of suitably small size, con- 
structed as described above, is placed in a covered dish 
containing a little ether-alcohol. The box is filled with 
celloidin of exactly the same concentration as that finally 
attained in the dish in which it has been infiltrated; a 
difference of concentration at this stage might damage 
a delicate specimen by collapsing or tearing it. To this 
box the ovum or blastocyst is transferred by a pipette of 
adequate bore, care being taken to avoid getting bubbles 
into the celloidin. The dish is covered for a few minutes 
to allow trapped air to escape. It is not safe to put a drop 
of ether-alcohol on the surface of the celloidin to dispel 
bubbles because of the danger of altering the concentra- 
tion and thus causing collapse of delicate structures. 

The alcohol-ether is removed and chloroform is sub- 
stituted, or the box is transferred to another dish con- 
taining chloroform, until the surface has congealed. The 
tedious but essential task now begins, to get the specimen 
positioned centrally in the celloidin block, or at least well 
away from any surface. The method is the same as de- 
scribed above for larger specimens: turning the box over 
and over, letting the ovum sink in one direction and 
another until the position is fixed. 

If the specimen does not settle rapidly enough, an air 
bubble may be introduced by pricking the bottom of 
the box with a needle. The bubble may then be used to 
push the ovum into a favorable position; once the speci- 
men is in the center of the mass, the bubble will float up 
and away from it. The location of the specimen (if it is 
large enough to see clearly) and its preliminary position- 


ing in a suitable plane may be controlled by observation 
under the dissecting microscope. 

When the celloidin is hardened throughout, the box is 
left in chloroform, usually overnight, and is then cleared 
in oil of cedarwood or oil of pine. 

Orientation. Very small specimens are oriented like 
larger embryos, the block being trimmed if necessary 
to a size that will permit observation under sufficiently 
high powers of the microscope for accurate orientation. 
Dr. Heuser was able thus to cut sections of the 2-cell 
Hertig-Rock ovum, Carnegie no. 8698, at right angles 
to the cleavage plane and through the nuclei of both 
blastomeres. 

If the specimen is so small that it will be invisible 
after the block is infiltrated with paraffin, a third pin is 
inserted above it, the distance between specimen and pin 
being measured with an eyepiece micrometer and re- 
corded. When the microtome knife reaches the track 
of the pin, the embryologist will know how far he has to 
go before the object is reached. 


Infiltration with Paraffin 


When the preliminary orientation procedure has been 
completed, the celloidin block is roughly trimmed at top 
and sides with a razor blade. It is then passed through 
three changes of toluene and one of paraffin-toluene 
mixture, which is fluid at room temperature. This part of 
the procedure can be carried out on the mechanical agi- 
tator. The actual infiltration in three successive changes 
of paraffin is done in dishes in the paraffin oven. The 
block is placed in a small, perforated metal tray sus- 
pended from a lever by which it is slowly lifted up and 
down in the paraffin bath. The lever is operated by a 
camshaft revolved by an electric motor outside the paraf- 
fin oven. 

When infiltration is complete, the block is removed 
from the paraffin bath and put into cold running water 
to harden the paraffin. 


MOUNTING THE BLOCK 


The block is now to be mounted on the carrier post 
of the microtome so that the knife will traverse it in the 
plane indicated by the two pins. A special post holder 
(designed and constructed by O. O. Heard), which re- 
places the usual adjustable holder, permits the specimen 
to be placed in the predetermined plane. This special 
holder is an accurately machined metal block with a 
vertical hole into which the post, a steel cylinder 12.5 mm. 
in diameter (shown in fig. 12), fits and is clamped by a 
setscrew, thus being held on the microtome in a fixed 
vertical position. By means of the apparatus next to be 
described, the specimen is adjusted to the correct position 
for cutting, when the celloidin-paraffin block is attached 
to the post. 

The positioning apparatus is shown in figures 26, 27, 


28 (pl. 3). It consists of a base (fig. 27), in which the 
post is held vertically by a setscrew, and of a bracket 
mounted on an arm clamped to the post after the post 
is positioned. The bracket carries at the top an arm 
which terminates in a plate borne on a universal joint 
by which the plate may be set in any desired plane. In 
the latest model, Dr. Heuser has fitted a built-in pro- 
tractor by which the plate may be accurately set at the 
proper angle. 

The celloidin-paraffin block is temporarily attached at 
its top (the end which is to be struck first by the knife) 
to the movable plate by embedding short pieces of copper 
wire in the top of the block and then in a bed of paraffin 
on the plate. 

The position of the plate is now adjusted so that each 
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of the orienting pins is brought into a plane at right 
angles to the vertical axis of the post: first, the pin is 
positioned in line with the horizontal line of the pro- 
tractor; then the small angular correction, called for by 
the measurements previously made when the pins were 
inserted, is introduced with the aid of the protractor, the 
plate being moved so that it deviates from the base line 
of the protractor by the required angle. 


Fic. 12. Special post holder, designed for a no. 860 Spencer 
Precision microtome, and used in conjunction with goniometer 
and positioning device shown in figures 21, 22, and 23 (pl. 2). 


When the block has been placed accurately, the base 
is removed. The post, on top of which a layer of high- 
melting-point paraffin has been fused, is freed by releas- 
ing the setscrew on the main arm, and is pushed up 
until it touches the bottom of the block. To this it is 
fused by melting the paraffin with a warm needle or 
small blade. 

Before being sectioned, the block is accurately trimmed 
in a mechanism (devised and constructed by O. O. 


Heard) consisting essentially of a small sledge micro- 
tome modified by fastening a flat metal plate to a sliding 
knife block. Through a square notch in the front edge 
of the plate the celloidin-paraffin block is presented for 
trimming, the post to which the block is fused having 
been fixed in the object carrier of the microtome. A 
short microtome knife in a suitable holder is pushed 
manually along the flat plate to plane off the block as 
the block is racked upward by the ratchet wheel and 
screw of the microtome. 

The object holder of the microtome is modified so that 
it bears two sockets for the post. One of them (fig. 18, 
pl. 2) presents the top of the block for trimming; the 
other presents the block horizontally, so that its vertical 
sides may be trimmed (fig. 19, pl. 2). This socket as- 
sembly is mounted on a disk which can be rotated 
through 360°; the disk can be held at go° intervals by 
a spring stop, so that accurate trimming of each of the 
four sides of the block in succession is possible. When 
the excess celloidin-paraffiin has been removed, only 
enough being left to support the object, one corner of 
the block is slightly chamfered by a cut at a 45° angle 
to the sides. The cut serves to mark one corner of each 
section as a guide in arranging the sections on the slide 
in case any of them is accidentally turned around or 
turned over. The diagrams previously made after place- 
ment of the pins are consulted in choosing which verti-” 
cal angle of the block is to be so marked, and the choice 
is recorded on the diagrams. 

The post is taken to the sectioning microtome and 
fixed in the socket of the rigid carrier block previously 
mentioned. As a result of the various maneuvers just 
described, the block is now properly positioned for sec- 
tioning in the desired plane. 


SECTIONING 


The doubly embedded blocks are sectioned on a slid- 
ing microtome, by the “water-on-the-knife” method in- 
troduced by the late Professor Carl G. Huber, of the 
University of Michigan. The only previously published 
description of this valuable method appears to be a brief 
account by Heuser in McClung’s Handbook of Micro- 
scopical Technique (1929, 1937). 


Care OF THE KNIFE 


The cutting edge of the knife must be well sharpened. 
The condition of the surfaces as well as of the facets of 
the knife is also very important, for in the Huber-Heuser 
method the upper surface must be wet to the very edge, 
while the lower surface is dry so that water will not flow 
onto the block. In the practice of the Carnegie labora- 
tory, as will be described in another paper, there is a 
special reason for keeping the block dry, namely the 
photographic recording of its upper surface for orienta- 
tion purposes. 


The considerable experience acquired by the author 
of this article, in the sharpening and surface treatment 
of microtome knives to meet the above requirements, and 
also to aid in reducing distortion in section cutting, has 
been recorded in a recent publication (Heard, 1953). 

For cutting serial sections of embryos, the knife is 
sharpened and surface-treated as outlined in the article 
just cited. The condition of the edge is checked under 
the microscope at a magnification of 100, and a record 
of any small nicks that may remain is made on a strip 
of paper fastened along the knife. The record is filed 
with the knife until needed. 

The knife is mounted so as to make a slicing cut with 
the edge at an angle of about 45° with the direction of 
movement, and at a rake angle of about 60° with the 
plane of section. With the paper record in position, the 
knife is set so that nicks will not traverse the block. It 
is helpful though not absolutely necessary to spread a 
drop of Mayer’s albumen fixative over the portion of 
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the upper surface of the knife that is to be used; it serves 
as a spreading agent for the fluid used to wet the knife. 


CUTTING 


The wetting fluid is not actually water, but a 0.1 per 
cent solution of sodium chromate, which acts as a rust 
inhibitor also. Three or more small dishes of this solution 
are at hand to receive the sections as they are cut, and a 
larger one serves as a reservoir for replenishing the 
fluid on the knife. Two artist’s brushes are provided. 
One of them, small and finely pointed (fig. 20, pl. 2), 
is used in handling the sections. A clean sable brush, 
dipped in water and given a quick shake, acquires a 
fine point. Incidentally, pointing the brush in the mouth 
is to be avoided, because it transfers squamous epithelial 
cells to the sections. 

With the larger brush the knife is thoroughly wetted 
on the upper surface of the portion that will pass through 
the block. As the knife enters the block and cuts a cor- 
ner of it, the section will begin to roll up. Dr. Heuser’s 
practice is to rest his left hand (see fig. 20, pl. 2) on 
an auxiliary post at the level of the knife so that, as he 
draws the knife toward him, his brush (the smaller one) 
touches the corner of the block. This contact is main- 
tained until the knife moves forward and barely enters 
the block. The brush is then raised above the forming 
section but does not touch it as it slides up the slope of 
the wet knife. The brush prevents the rolling up of all 
but a very small part of the section, which can easily be 
unrolled when the sections are placed on the slide; if, 
as may happen with thick sections, the tissue-free corner 
will not unroll, it can be cut off. 

If a section rolls up tightly as it is cut because of lack 
of synchronization of movements, it can be successfully 
unrolled at once or, if supported in a small dish of water, 
after all the sections have been cut. When the section is 
ready to be recovered, it is transferred to a wet but not 
flooded slide under the dissecting microscope. A free 
corner of the section is held down with a needle, and the 
rest is gently unrolled with a pointed sable brush. It is 
important not to press downward upon the rolled part 
with the brush, but only against the side of the roll 
where it bends upward from the flattened portion held 
down by the needle. If the sections are thick, 10 microns 
or more, very cautious warming by the heat of a lamp 
focused upon a rolled-up section will help unroll it. 

To lift the section from the knife, where it floats on 
the wetting fluid, the brush, loaded with fluid, is touched 
to an edge of the section with a gentle twisting move- 
ment, so that the section is lightly wound onto it. By 
reversing the twist, the section is deposited on the slide 
or on the surface of the fluid in one of the small dishes 
previously mentioned (fig. 21, pl. 2). The next section 
is placed in the next dish, and so on to the third or 


fourth dish. By this time the assistant will have taken 
over the first section, leaving its dish free for the next 
section in order. Recently O. O. Heard has improved 
this procedure by the introduction of a revolving tray 
like a “Lazy Susan” to keep the dishes moving in proper 
sequence. 


MountTING THE SECTIONS 


The assistant picks up each section in turn with a 
brush and transfers it to a special mounting dish fitted 
with a metal rack as shown in figure 23 (pl. 2) and 
figure 30 (pl. 3). This rack is made with two end pieces 
of brass held together by 3-mm. rods. ‘Two wire clamps 
hold the slide on a slope partly submerged in the water. 
Four Nichrome wires under the slide delimit the area 
within which the sections must be mounted. The slides 
are 2 by 3 inches (50 by 75 mm.), and the cover slips 
43 by 50 mm.; the utilizable area is such as to leave a 
margin of about 2 mm. between the edge of the cover 
slip and the nearest points of the sections. If for very 
small objects a 3 by 1 inch slide (75 by 25 mm.) is used, 
two slides are placed on the rack and the fluid is brought 
up partly to cover the upper slide, on which the sections 
are mounted. The water level in the dish is maintained 
by a large rubber bulb connected by tubing to a glass 
siphon (fig. 23, pl. 2). The bulb serves as a reservoir, 
and the level is held by a clamp on the tubing. Neither 
bulb nor tube must be allowed to contain air bubbles, 
which might disturb the sections when the level is 
changed. Another means of controlling the water level 
is a reservoir bottle suspended by a rack and pinion 
device. 

The assistant first brings the water level up on the 
sloping slide to the line along which the upper row of 
sections is to be mounted. The sections are successively 
slid with a brush out of the water and onto the slide. 
When the first row is full, the level is lowered and the 
second row is mounted, and so forth until the slide is 
filled. During this process the sections in the upper rows 
must be kept moist. Dr. Heuser uses a narrow strip of 
filter paper, dipped in thin celloidin solution (to prevent 
loose fibers from getting onto the section), and placed 
on the slide just above the line for the first row of sec- 
tions. The strip is helpful in aligning the first row, espe- 
cially of small specimens, and it holds the sections in 
place when water is added with a brush from time to 
time along the upper edge of the slide. 

A filled slide is replaced by an empty one, and the work 
goes forward. A team of two persons accustomed to 
working together can operate with a satisfactory rhythm, 
but it is helpful to have a second assistant who takes 
over the freshly mounted slides. He flattens or removes 
the small corner rolls; checks and, if necessary, adjusts 
the alignment of the sections; removes air bubbles from 
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under the sections by brushing them out; and sees to it 
that there is a narrow space between adjacent sections to 
allow for the small amount of spreading that occurs. 

If a second assistant is not available during the section- 
ing process, the final arrangement of the sections may be 
postponed. The slides bearing the sections in correct 
order are stored under Petri dishes until they can be 
arranged and dried. Recently we have devised moist 
chambers from cut-off 3-liter reagent bottles, 13 cm. in 
inside diameter. Racks, designed to hold twenty-five 2 by 
3 inch slides, are made of Bakelite and sheet brass to 


stand upright in Petri dishes. The filled racks and Petri 
dishes, the latter containing distilled water, are covered 
by the cut-off bottles. Sections are still movable after 
three days’ storage. 

The mounted slides are dried at 44° C. on a thermo- 
statically controlled warm plate protected by a cover from 
direct air currents and from dust. They are usually left 
on this plate overnight at 36° C., after which they may 
be stained. Figure 31 (pl. 3) illustrates one of a sagittal 
series of sections through a presomite embryo, Carnegie 


no. 8725, handled by the above technique. 


STAINING 


For routine purposes a modification of the hematoxylin- 
eosin staining method is used. It will be outlined here 
to illustrate the general nature of the staining procedure. 

1. Remove paraffin with three changes of xylene. 

2. Remove celloidin with absolute alcohol-ether (the 
usual procedure; celloidin may be allowed to remain if 
necessary to protect very delicate objects). 

3. Dip slides in 1 per cent celloidin, and dry in air 
briefly until a film has formed; this step prevents wash- 
ing off the sections. 

4. Immerse in alcohol, 70 per cent, or chloroform, to 
harden the celloidin coating. 

5. Change to 95 per cent absolute alcohol, 5 per cent 
chloroform; the chloroform is necessary to prevent solu- 
tion of the celloidin coating by the strong alcohol. 

6. Rehydrate in alcohol from 80 per cent to 30 per cent 
by steps of 10 per cent, then distilled water. 

7. Stain with Ehrlich’s hematoxylin. 

8. Rinse in distilled water. 

g. Decolorize and sharpen stain in acid alcohol. 

to. Rinse in distilled water; turn the sections blue in 
tap water, or in a weak alkaline solution if local tap water 
is not sufficiently alkaline. 

11. Rinse in distilled water. 


12. Dehydrate to 70 per cent alcohol. 

13. Counterstain in 1 part eosin, 4 parts phloxine, 500 
parts 70 per cent alcohol. 

14. Rinse quickly in 95 per cent alcohol (containing 
5 per cent chloroform if the celloidin is to be retained). 

15. Dehydrate (and differentiate the eosin-phloxine 
stain) in absolute alcohol. 

16. Immerse in absolute alcohol-ether if celloidin coat- 
ing is to be removed; otherwise, pass directly to xylene, 
2 or 3 changes. 

17. Mount with Clarite, and dry overnight at 36° C. 

The foregoing account, simplified as it is, represents the 
major effort of a professional career devoted to embry- 
ology. The quality of the morphological reports in the 
Contributions to Embryology is largely founded on the 
painstaking procedures originated or perfected by Dr. 
Heuser. It is hoped that this account will make his 
methods for handling, preserving, and preparing early 
and delicate specimens available to fellow biologists who 
have not had the opportunity to profit by watching him 
at work and observing his skill and precision. 

The author acknowledges with thanks the editorial 
assistance of Dr. George W. Corner in preparing this 
article for publication. 
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PLATES 


Pate I 


Fic. 13. Surface view of an early implantation after fixation 
in Bouin’s fluid. Carnegie no. 8004. X 1.5. Arrow indicates 
implantation site. 

Fic. 14. Vertical camera specially designed for embryological 
photography. Heuser and Heard (1942). 

Fic. 15. Mechanical stirring device, used for gradual dehydra- 
tion and infiltration. 

Fic. 16. Vaseline dispenser with embryological watch glass and 
ground-glass cover. 

Fic. 17. Presomite human embryo, caudal aspect. Note un- 
collapsed yolk sac and attachment to chorionic wall. Carnegie no. 
8725. X 11.5. Compare with figure 31 (pl. 3). 
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PLATE 2 


Fic. 18. Block-trimming device arranged for trimming the 
upper surface. 

Fic. 19. Block positioned for trimming the sides. One of the 
four notches is shown at the arrow tip. 

Fic. 20. Sectioning by “water-on-the-knife” method. Note how 
the fine-pointed brush prevents the section from rolling at the 
beginning of the cut, also the “water” on the upper facets of the 
treated microtome knife. 

Fic. 21. Transferring section from “water” film on microtome 
knife to one of the small dishes. 

Fic. 22. Arranging sections on the slides in the mounting 
dish. 

Fic. 23. Mounting dish with inclined rack and siphon. 
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PLATE 3 


Fic. 24. Arrangement of specimen with the aid of a binocular 
microscope. The prefocused binocular microscope is in the work- 
ing position. 

Fic. 25. Celloidin-embedded specimen with orienting pins. 
X 5.25. 

Figs. 26, 27, 28. Device for positioning double-embedded speci- 
mens, used to carry over and fix the angles determined by the 
goniometer shown in figure 18. Figures 26 and 28 are side eleva- 
tions; figure 27, plan view. 

Fic. 29. Area of implantation excised after fixation. Carnegie 
no. 7700. X 6.8. Twelve days’ implantation. 

Fic. 30. Close-up view of mounting dish with metal inclined 
rack, 

Fic. 31. Sagittal section of Carnegie no. 8725. X 30. See figure 
17 (pl. 1), demonstrating results obtained by these procedures. 
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THE PRENATAL DEVELOPMENT OF THE HUMAN 
TEMPOROMANDIBULAR JOINT 


INTRODUCTION 


The least dispensable synovial joint in man is the 
articulation between the upper and lower jaws, the tem- 
poromandibular joint. This articulation is also in many 
respects unique, exhibiting such special anatomical char- 
acteristics as a complete intra-articular disk formed by 
the modification of an intercepted tendon, two synovial 
cavities, fibrocartilaginous articular surfaces, and tooth- 
bearing skeletal components. The temporomandibular 
joint is the only articulation which has both hinge and 
sliding movements. 

This joint is a relatively new structure, existing only 
in mammals. It appeared late in evolution when the 
early jaw joint was incorporated into the middle ear 
(Gaupp, 1911). What the temporomandibular joint 
lacks in phylogenetic antiquity, however, it makes up in 
importance. The movements of the lower jaw in such 
vital functions as speech, mastication, and respiration all 
take place at the temporomandibular joint. If this articu- 
lation is injured during childhood or if it develops ab- 
normally, the result will often be an extreme under- 
development of the lower jaw and face, causing severe 
malocclusion and other dental problems, disturbed diges- 
tion and respiration, and possibly psychological compli- 
cations. 

The temporomandibular joint has been and still is the 
subject of a great many clinical investigations because 
of its intimate functional relationship with the occlusion 
of the teeth. There are many controversies in the lit- 
erature about this and other aspects of the temporoman- 
dibular joint. It is surprising to find, however, that no 
embryological evidence has been brought to bear on these 
controversial issues. A partial explanation is the fact 
that a careful search has disclosed only three major 
sources of information on the embryology of the human 
temporomandibular joint. 

Kjellberg (1904) described the temporomandibular 
joint in 5 human fetuses, the smallest one having a 
crown-rump length of 55 mm. He observed in 3 of these 
specimens that some of the fiber bundles of the external 
pterygoid muscle pass into the articular disk of the tem- 
poromandibular joint and then continue posteriorly be- 
tween the squama and the tympanic bone to attach to 


the head of the malleus. He concluded that the passage 
of the external pterygoid muscle between the temporal 
squama and the mandibular condyle on its way to the 
malleus accounts for the formation of the articular disk. 

Vinogradoff (1910) studied the development of the 
temporomandibular joint in 9 human fetuses, beginning 
with a 35-mm. specimen. He concentrated on the his- 
tological changes that occur in the condyle and zygo- 
matic process of the temporal bone during fetal life. His 
description of the other joint components is vague. He 
presents no evidence of a connection between the external 
pterygoid muscle and the malleus. 

More recently Harpman and Woollard (1938) made a 
specific study of the tendon of the external pterygoid 
muscle; they confirmed Kjellberg’s original finding that 
in the human fetus this muscle does contribute to the 
origin of the articular disk or meniscus by passing poste- 
riorly between the squama and the condyle to the 
malleus. 

Macalister (1955) has described some of the histologi- 
cal modifications that occur in the prenatal development 
of the temporomandibular joint. 

Although these authors were limited to a small num- 
ber of specimens, their descriptions do show that the 
embryology of the temporomandibular joint differs in 
some respects from that of the more commonly studied 
synovial joints. Before such a comparison can be made, 
however, further investigation of the embryology of this 
joint is required. This need for detailed information led 
to a study of the temporomandibular joint components 
in human embryos and fetuses at the Department of 
Embryology, Carnegie Institution of Washington. The 
investigation was supported by a grant from the fellow- 
ship fund of the Carnegie Institution of Washington and 
by the Department of Anatomy, Medical College and 
School of Dentistry, University of Alabama. I wish to 
express my gratitude to Dr. George W. Corner for 
his generous assistance during this investigation; to 
Mr. Richard Grill for the accompanying photomicro- 
graphs; and to Drs. Earl O. Butcher, E. Carl Sensenig, 
and William L. Straus for the stimulating encourage- 
ment and interest they have shown in this project. 


ANATOMY OF THE TEMPOROMANDIBULAR JOINT IN THE ADULT 


The fully developed temporomandibular joint is a 
freely movable synovial joint between the condyle of 
the mandible and the articular eminence of the tem- 
poral bone. A fibrous joint capsule lined with synovial 
tissue surrounds the articular surfaces of the two bones. 
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Inside the joint is an intra-articular disk or meniscus 
which separates the condyle from the articular eminence 
of the temporal bone. The articular disk is attached 
around its entire periphery to the joint capsule. The 
synovial cavity is thus divided into two separate spaces: 
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a superior joint cavity between the disk and the temporal 
bone; and a smaller, inferior joint cavity between the 
disk and the condyle of the mandible. 

One of the muscles acting upon the joint is the ex- 
ternal pterygoid muscle, which is inserted on the anterior 
surface of the neck of the condyle and on the antero- 
medial portion of the articular capsule and disk. When 
the mouth is widely opened or the lower jaw is pro- 
truded, this muscle pulls the condyle and disk forward, 
so that they slide downward along the sloping posterior 
surface of the articular eminence. As the mouth is closed, 
the external pterygoid muscle normally relaxes and the 
condyle and disk return to their former resting posi- 


tion higher up on the posterior surface of the articular 
eminence. 

The central portion of the articular disk is compressed 
between the condyle and the articular eminence and con- 
tains neither blood vessels nor nerves. The function of 
the disk is generally regarded to be to stabilize and help 
to lubricate the incongruent articular surfaces of the 
condyle and articular eminence. Some of the contro- 
versy that still continues over the temporomandibular 
joint centers about the anatomy and function of the ar- 
ticular disk. A knowledge of the embryology of this 
joint may, in addition to its inherent value, help resolve 
these controversial questions. 


PRENATAL DEVELOPMENT 


The development of the temporomandibular joint was 
studied in a series of 46 human embryos and fetuses from 
the Carnegie Collection, ranging from 23 to 350 mm. 
crown-rump length. The specimens were sectioned in 
the frontal, sagittal, and transverse planes as indicated in 
table 1. In fetuses larger than 80 mm., the region of the 
temporomandibular joint was removed and only this part 
of the specimen was sectioned. 


EmpBryonic RUDIMENTS 

The rudiments of the human temporomandibular joint 
make their embryonic appearance in the last two stages, 
xxli and xxiii, of Streeter’s (1951) developmental hori- 
zons. 

Developing mandible. In embryo no. 6832 (stage xxii, 
25.8 mm.) the region of the future joint was recognized 
with great difficulty, because most of the joint compo- 
nents were not yet in existence and the muscles had 
not differentiated sufficiently to serve as landmarks. Iden- 
tification was established by tracing distally the mas- 
seteric and auriculotemporal nerves, which enclose the 
developing joint anteroposteriorly. 

The mandible is the only joint component present at 
this stage. There is no condyle, its place being occupied 
by the upper end of the osseous lamella, which consti- 
tutes the mandible. Meckel’s cartilage already extends 
from the middle-ear region to the mid-line of the future 
chin, where it meets the distal end of the contralateral 
first branchial bar. This cartilage passes posteromedially 
to the future temporomandibular joint and appears on 
the medial side of the developing mandible. No other 
parts of the joint can be identified in this embryo. 

Origin of articular disk. The origin of the articular 
disk is associated with the appearance of the external 
pterygoid and masseter muscles, which are recognizable 
in a stage-xxii embryo (no. 6701, 24 mm.). In a frontal 
section (fig. 1, pl. 1) through the region corresponding to 
the anterior portion of the future condyle, the disk is 
seen as a vague layer of mesenchyme extending laterally 


across the superior border of the external pterygoid 
muscle to the medial side of the masseter. The develop- 
ing disk is separated from the condensation of mesen- 
chyme which becomes the zygomatic process of the tem- 
poral bone by a large area of sparse cells, the precursor 
of the superior joint cavity. In contrast, the inferior joint 
cavity is preceded by only a very narrow zone of cells, 
because the articular disk, even in its early development, 
rests closely on the mandible. In this specimen an attach- 
ment of the external pterygoid muscle to the mandible 
could not be identified. The muscle, however, could be 
followed back to the posterior end of Meckel’s cartilage. 

An embryo of stage xxiii (no. 86, 30 mm.) shows the 
further development of the articular disk. In frontal sec- 
tion (fig. 2, pl. 1), the upper surface of the developing 
condyle faces laterally. Lying against this surface is a 
dark band of cells which gives rise to the articular disk. 
The external pterygoid muscle joins the medial side of 
the condyle at its approximate site of attachment in the 
fully developed joint. The muscle does not end at this 
point, however. It passes posteriorly along the medial 
side of the condyle and joins the band of cells forming 
the articular disk. The cells giving rise to the articular 
disk and to the external pterygoid tendon continue from 
this point posterosuperiorly to attach to that portion of 
Meckel’s cartilage which becomes the malleus. This at- 
tachment of the mesenchymal layer and the external 
pterygoid tendon’ to the malleus is a constant feature, 
seen in all specimens up to and including a 140-mm. 
fetus. 

In this 30-mm. embryo, membrane-bone spicules make 
their appearance in the zygomatic process and squama 
of the temporal bone. The articular disk is still separated 
from the temporal bone by a large area of sparse cells 
which are giving up their round form to become elon- 
gated. The joint capsule is not yet recognizable. 


1 The term tendon is used here in a morphological rather than 
a histological sense; at this stage it consists only of undiffer- 
entiated mesenchyme. 
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TABLE 1 


HUMAN EMBRYOS AND FETUSES OF THE CARNEGIE COLLECTION USED IN THIS STUDY 


Crown-rump length Thickness of sections 


section * 


Plane of 
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(gestation age) Specimen no. ( ) 


Age group 
mm. 
oat (CUEAKS GENS) .ncegdaccaduadovobnoverdes 6701 24 
6832 25.8 
oath (GEA GEN) coc cccanccuaqonacvountear 86 30 
756A 27 
1199 26 
5725 23 
7425 27 
TOR Weekste. os 5.9 ignites pene ae eee 972 37 
1318 37 
4415 37 
362 39 
1597B 39 
1611A 39.4 
224 40 
6658 40 
DW CEIS io 54.45 cs ols ot Regt Sree seg nae ROR es oe 1826 40.5 
6236 40.5 
886 43 
95 46 
1686 46 
4475 48 
3143 49 
5652 49 
96 50 
184 50 
538 50 
965 50 
1537 50 
2331 50 
1 2Mweekstet lsat le uae ne eee eee eae 448 52 
3990 54 
858 57.25 
4229 58 
907 60 
1183 60 
ES aiie es on En APPIN es Ser con Coes od coc 1656 67 
4291 69 
EN SS eee Mean eeEnOE Pectin asiocte ole o\5a905 6581 75+ 
1455 78.5 
172 80 
IS Rweckser en: sere eer ee eee ee 1858 100+ 
NSM Week Si segs coy ke cuca nate tens are 928B 140+ 
DOM WeEK Se ene Rie ie cae Une eee ee See 8634 180+ 
DUS SS eee Pe See iro eh neg poser Ho b 625 220+ 
3 les Weeks y. ti iynpey Pot tester, arent eager 62 270+ 
SO Rwecks mane eae JSAP EY 8 61 350+ 


*F, frontal or coronal; S, sagittal; T, transverse. 
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T Specimen loaned by Department of Embryology, Carnegie Institution of Washington; sectioned and stained at Department of Anatomy, 


Medical College and School of Dentistry, University of Alabama. 
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FrraL DEVELOPMENT 

Relations to adjacent structures. In a frontal section 
through a 37-mm. fetus, no. 1318 (fig. 3, pl. 1), the con- 
dyle is still merely a condensation of mesenchyme 
around the upper end of the osseous lamella forming the 
mandible. The articular disk and external pterygoid 
tendon are shown continuing posteriorly to their attach- 
ment on the malleus. The structures in immediate rela- 
tion to the medial side of the temporomandibular joint 
are demonstrated in this section. Directly inferior to the 
external pterygoid muscle is the internal maxillary artery 
cut in cross section. The middle meningeal artery is seen 
in longitudinal section running superiorly between the 
condyle and the otic ganglion. The two portions of the 
auriculotemporal nerve which surround the middle 
meningeal artery are visible, as are also the inferior 
alveolar and lingual nerves. 

First appearance of the condylar cartilage. No further 
development of the joint components was noticed until 
the condylar cartilage appeared in a 46-mm. fetus, no. 95. 
The cartilage is located at the upper end of the osseous 
lamella, which forms the posterior border of the mandi- 
ble. In sagittal section (fig. 4, pl. 1), the growth of this 
cartilage appears to be directed superiorly and somewhat 
anteriorly. The condylar cartilage has not grown suf- 
ficiently to force the disk into contact with the superior 
articular element. Immediately above the condyle, be- 
tween it and the disk, is the external pterygoid tendon 
cut almost in cross section as it curves laterally to attach 
to the malleus. The auriculotemporal nerve has been 
cut obliquely, passing between Meckel’s cartilage and 
the posterior surface of the condyle. 

The articular disk appears to be elevated from the 
condyle because this section is close to the external ptery- 
goid muscle, which comes between the mesenchymal por- 
tion of the disk and the medial part of the condyle. The 
relationship is better understood by referring to the 
frontal section (fig. 5, pl. 1) of a 49-mm. fetus, no. 5652. 
The articular disk lies directly on the condyle except in 
the area occupied by the external pterygoid tendon. This 
frontal section illustrates several important points about 
the articular disk: 

1. The disk is associated developmentally with the 
mandible and the muscles of mastication, specifically the 
external pterygoid and the masseter. 

2. The major portion of the articular disk is derived 
from a mesenchymal layer which, anterior to the joint, 
extends from the external pterygoid muscle to the mas- 
seter muscle, and, after passing over the condyle, con- 
tinues posteriorly in company with an extension of the 


external pterygoid muscle to attach to the developing 


malleus. 
3. The posterior extension of the external pterygoid 


muscle does in fact contribute to the formation of the 
articular disk, as is shown in the other figures. 

Passage of external pterygoid tendon and disk to mal- 
leus. The actual passage of the external pterygoid tendon 
from the condyle to the malleus can be seen in a sagittal 
section (fig. 6, pl. 1) of the temporomandibular joint in 
a 50-mm. fetus, no. 96. The tendon runs obliquely from 
the upper posterior part of the condyle to the posterior 
surface of Meckel’s cartilage. In adjacent sections 
Meckel’s cartilage changes its direction and position 
slightly so that the pterygoid tendon is actually attached 
to the lateral side of the malleus. A short segment of the 
articular disk extends posteriorly above the upper end 
of the external pterygoid tendon and parallel to the mem- 
brane bone that forms the zygomatic process of the tem- 
poral bone. This part of the disk when followed posteri- 
orly joins the external pterygoid tendon and travels in 
common with it to the malleus. 

The attachment of the developing disk to Meckel’s 
cartilage can be seen also in superior view by looking 
down on a transverse or horizontal section (fig. 7, pl. 2) 
through the joint in a 54-mm. fetus, no. 3990. Here the 
tendon of the external pterygoid muscle passes over the 
medial side of the condyle and then turns, proceeding to 
the lateral side of Meckel’s cartilage, on its way to the 
head of the malleus. The contribution from the disk over 
the lateral part of the condyle is more readily visible a 
few sections higher, where it joins this tendon as a 
somewhat more deeply stained band of cells. 

Development of articular blood supply. The specimen 
just discussed, a 54-mm. fetus, no. 3990, also illustrates 
certain features in the development of the blood supply 
to the temporomandibular joint. These features will be 
described here because they have a bearing on a paper 
soon to be published on the blood supply in the fully 
developed joint. In a horizontal section (fig. 7, pl. 2) 
through the joint, many blood vessels, mostly veins, are 
seen in the area enclosed on three sides by the sectioned 
disk, the lateral surface of the condyle, and the external 
pterygoid tendon lateral to Meckel’s cartilage. When 
followed inferiorly these blood vessels are seen to run ver- 
tically against the posterolateral aspect of the condyle and 
mandibular ramus. At varying levels along the ramus 
they join the superficial temporal artery and vein, the 
posterior facial vein and the external carotid artery. The 
same vessels when traced superiorly are seen to shift 
slightly to a closer association with Meckel’s cartilage. 
They remain on the lateral side of this cartilage, gradu- 
ally diminishing in number as they give off branches 
which surround the developing malleus and incus. They 
apparently terminate on the ossicles in the region of the 
middle ear. 

At the level shown, these blood vessels give off branches 
which run anteriorly in the articular disk and on the 
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external pterygoid tendon to anastomose with capillaries 
coming from the anterior surface of the joint. This capil- 
lary anastomosis, extending anteroposteriorly completely 
across the articular disk, is shown in a horizontal section 
(fig. 8, pl. 2) through a 57.25-mm. fetus, no. 858, in which 
the vascular system was injected with India ink. The 
level of section corresponds to that shown in figure 7, 
and passes through the disk and pterygoid tendon 
immediately above the condyle. 

Growth of condyle and formation of joint cavity. As 
the condyle grows, its articular surface and shape undergo 
marked changes. In a 30-mm. embryo, before the ap- 
pearance of a condylar cartilage (fig. 2, pl. 1), the articu- 
lar surface of the condyle faces directly laterally, almost 
in a vertical plane. The articular disk and the articular 
surface of the zygomatic process of the temporal bone are 
parallel to that of the condyle. 

In a 49-mm. fetus, no. 5652, the condylar cartilage has 
shaped the articular surface of the condyle into a hemi- 
sphere, as seen in a frontal section (fig. 5, pl. 1) through 
the center of the cartilage. The articular disk flattens 
this contour and makes it congruous with the articular 
surface being formed by the squama and zygomatic 
process of the temporal bone. The plane of the articular 
surfaces has shifted to approximately 45° from the ver- 
tical. The joint cavities have not yet appeared in this 
specimen, and there is no actual contact between the two 
articulating elements. 

In five out of the six 50-mm. fetuses studied, the con- 
dyle and disk are not in contact with the temporal bone 
and the joint cavities are not yet formed. The sixth 
specimen shows an area of sparse cells between the disk 
and the temporal bone which appears to be developing 
a cavity. Contact between the disk and temporal bone 
is made in the 60-mm. fetuses. The sections in these 
specimens were too thick, however, to show the presence 
of joint cavities. In a 75-mm. fetus, no. 6581, sagittal 
section (fig. 9, pl. 2), the inferior joint cavity is present 
and the superior cavity is being formed. 

Development of joint capsule. ‘The articular capsule of 
the temporomandibular joint is first recognizable in 
50-mm. fetuses in the form of faint cellular condensa- 
tions along the medial and lateral sides of the joint, con- 
necting the two skeletal components. The articular disk 
merges peripherally with these capsular condensations 
and thus obtains an attachment to the temporal bone 
and mandible. The joint is still not bounded antero- 
posteriorly by a capsule in the 75-mm. fetus. Before the 
formation of the capsule posterior to the joint, the articu- 
lar disk transfers its attachment from Meckel’s cartilage 
to the temporal bone and mandible. This transfer re- 
sults from a narrowing of the Glaserian fissure and an 
approximation of Meckel’s cartilage to the posterior part 
of the neck of the condyle. An early phase in the trans- 


fer to the temporal bone is seen in a sagittal section 
(fig. 10, pl. 2) through the lateral portion of the temporo- 
mandibular joint in a 78.5-mm. fetus, no. 1455. The 
articular disk here extends posteriorly, following the 
contours of the zygomatic process of the temporal bone, 
a relation which results from the approximation of the 
two articular elements and from the persisting attach- 
ment of the disk to Meckel’s cartilage. As the articular 
disk accompanies Meckel’s cartilage through the Glase- 
rian fissure into the middle ear, the disk comes in con- 
tact with the anterior wall of the fissure. At this point 
the cells of the disk are becoming attached to the tem- 
poral bone. This attachment limits the superior joint 
cavity posteriorly and forms the superior attachment of 
the developing articular capsule on the anterior lip of 
the Glaserian fissure posterior to the temporomandibular 
joint. 

The inferior attachment of the disk and articular 
capsule on the posterior surface of the neck of the con- 
dyle results from a similar transfer involving the external 
pterygoid tendon, the mandible, and Meckel’s cartilage. 
In figure to (pl. 2), the external pterygoid tendon is 
visible on the posterior surface of the condyle and again 
just inferior to Meckel’s cartilage as the tendon continues 
toward its insertion on the malleus. Further medially 
in a sagittal section through the middle of the condyle in 
the same specimen the tendon forms an attachment to 
the mandible (fig. 11, pl. 2). Here the external ptery- 
goid tendon passes through a narrow space between the 
mandible and Meckel’s cartilage and appears to be at- 
taching itself to the neck of the condyle. From this 
point, cells are seen extending superiorly toward the at- 
tachment of the disk on the temporal bone. At this stage, 
however, there is not a complete capsule posterior to the 
joint; the development of the capsule in this region 
proceeds very slowly. 

In a 140-mm. fetus the articular disk still passes through 
a narrow Glaserian fissure to be inserted on the malleus. 
Some of the cells are attached, however, to the anterior 
lip of the fissure. Meckel’s cartilage is now constricted as 
it passes through the fissure, but it is still continuous with 
the malleus. In a 180-mm. fetus, the disk ends at the 
Glaserian fissure and the joint is definitely enclosed 
posteriorly by a capsule. The joint cavities are sharply 
bounded by synovial tissue. Synovial villi with adipose 
subsynovial tissue project into the anterior and posterior 
ends of the cavities. 

The attachments of the disk to the temporal bone and 
condyle are shown in sagittal section through the joint 
of a 220-mm. fetus, no. 625 (fig. 12, pl. 2). This section 
passes through the medial part of the condyle. The ex- 
ternal pterygoid muscle is seen merging with the an- 
terior part of the disk. The Glaserian fissure is still open. 

Meckel's cartilage. Before the first components of the 
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temporomandibular joint became visible in a stage-xxii 
embryo, Meckel’s cartilage extended all the way from the 
base of the skull to the future chin, this relation being 
maintained during the entire development of the tem- 
poromandibular joint. The cartilage serves, therefore, as 
a supporting framework around which the mandible de- 
velops, and as a strut which holds the lower jaw in place 
until the temporomandibular joint has formed. It plays 
a direct role in the formation of the temporomandibular 
joint through its association with the external pterygoid 
tendon and the mesenchymal portion of the articular 
disk. Meckel’s cartilage also carries blood vessels through 
the Glaserian fissure which vascularize the developing 
malleus and incus. These vessels can be seen in 57- to 
180-mm. fetuses. 

At 220 mm., when the temporomandibular joint can 
be considered developed, Meckel’s cartilage still extends 
through the Glaserian fissure. The portion of Meckel’s 
cartilage extending between the mandible and the skull, 
however, is very thin, and in a 270-mm. fetus it becomes 
recognizable as the sphenomandibular ligament. Kjell- 
berg (1904) presents an interesting historical summary 
of information on this and other derivatives of Meckel’s 
cartilage. At 270 mm. the superior attachment of the 


sphenomandibular ligament appears to be on the medial 
end of the temporal bone, the sphenoid bone being di- 
rectly adjacent to this point. The Glaserian fissure is 
practically closed at this stage. In the 350-mm. fetus, the 
superior attachment of the sphenomandibular ligament 
is on the sphenoid bone just lateral and posterior to the 
foramen spinosum. 

Skeletal components. The mandibular fossa develops 
its final contours only during postnatal life, with the ap- 
pearance of the articular eminence of the temporal bone. 
A slight concavity present in the 180-mm. and larger 
fetuses is due only to a slight prominence or projection 
at the posterior border of the fossa. 

During its development the condylar cartilage shows 
a peculiarity which has been described by Vinogradoft 
(gto). In the 140-mm. fetus and on through the 350- 
mm. fetus, peglike processes, which Vinogradoff likens 
to “crampons,” occur at first in the lateral portion of the 
condyle. Then they appear also on the medial side, 
and finally all over the articular surface of the condylar 
cartilage. Vinogradoff says that these “crampons” serve 
to anchor the fibrous articular surfaces in the temporo- 
mandibular joint to the condyle and to the temporal 
bone. 


DISCUSSION 


Time oF DEVELOPMENT 

The first significant fact brought out by this study is 
the relatively late embryonic development of the tem- 
poromandibular joint as compared with the larger joints 
of the extremities. During the last stage, xxiii, of em- 
bryonic development, all the major components of the 
elbow, hip, and knee joints “are present in a form and 
arrangement closely resembling the adult” (Gardner, 
1952). In this same embryonic stage, however, the tem- 
poromandibular joint is still rudimentary in comparison 
with the fully developed joint; the condylar cartilage, 
joint cavities, synovial tissue, and articular capsule have 
not yet appeared, and the skeletal elements—mandible 
and temporal bone—are not in contact. All the com- 
ponents of the temporomandibular joint except the ar- 
ticular eminence of the temporal bone are present in the 
220-mm. fetus. The joint does not assume its typical 
adult contours, however, until the articular eminence has 
completed its development during the twelfth year of 
age (Humphreys, 1932). 

ArticuLar Disk 


The development of the articular disk is worthy of dis- 
cussion in order to correct some common misstatements 
about this structure. The articular disk of the temporo- 
mandibular joint should not be regarded as forming 
from tissue which is caught or pinched between the 
mandible and the temporal bone by upward growth of 
the condyle, as Keith (1948) states. This erroneous con- 


cept can be traced to Vinogradoff (1910) and to other 
investigators who did not study embryos young enough 
to show the early development of the disk. Actually, the 
articular disk can be identified as a mesenchymal and 
muscular derivative of the first branchial arch, which 
appears earlier than the condyle, long before the mandi- 
ble comes in contact with the temporal bone. If the disk 
were to develop as stated by Keith, disturbances in its 
formation would undoubtedly result in specific congenital 
anomalies which have in fact never been reported. The 
only known developmental anomaly of the temporo- 
mandibular joint is the absence of one or both condyles— 
a very rare condition. 

The development of the temporomandibular intra- 
articular disk resembles certain processes seen in other 
joints and yet in other respects appears to be a unique 
phenomenon. For instance, a small medial portion of the 
disk is derived from the posterior extension (referred to 
as a tendon) of the external pterygoid muscle. ‘This pas- 
sage of a muscle tendon through a synovial joint is simi- 
lar to the situation described in the human shoulder 
joint by Gardner and Gray (1953), in which the tendon 
of the long head of the biceps brachii muscle develops 
in situ in the extrablastemal tissue of the glenohumeral 
joint. These situations differ, however, in that the ex- 
ternal pterygoid tendon becomes incorporated into the 
disk and later in fetal life loses its attachment to the 
malleus. Development here does not proceed rapidly 
from the primordial state to a form and arrangement 
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characteristic of the adult. The disk passes through the 
intermediate stages described here and by other investi- 
gators. The temporomandibular joint does truly seem 
to have a developmental stage in which it resembles the 
normal structure of lower forms where the jaw joint oc- 
curs between the os quadratum and os articulare. Its 
relatively late appearance as a new structure in evolution 
supports this conclusion, which as far as is known 
applies to no other joint. 

In describing the fully developed temporomandibular 
joint, the term articular disk is frequently limited to the 
fibrous, hard, glistening portion of the intra-articular 
tissue. This definition excludes a considerable quantity 
of less-dense connective tissue, vascularized and inner- 
vated, which connects the fibrous portion of the disk on 
all sides to the joint capsule. Developmentally, there is 
no basis for this distinction. During fetal life the entire 
disk is vascularized. Only after the central portion of 
the disk is compressed between the condyle and tem- 
poral bone does this portion become avascular. In the 
fully developed joint the peripheral portions of the disk 
still retain their blood and nerve supply, the distribution 
of which will be described in later papers. The com- 
plete vascularization of the disk seen in the fetus indi- 
cates that both the vascular and avascular portions in the 
fully developed joint should be included in the definition 
of the articular disk. 


MEcHANICAL THEORIES OF JOINT ForMATION 


The formation of intra-articular disks is explained by 
several investigators as resulting from the absence of 
pressure exerted on the undifferentiated mesenchyme be- 
tween the developing bones. Whillis (1940) says that 
relief of pressure on the joint disk in the ulnar-triquetral 
joint by the ulnar styloid process results in a nonchon- 
drified disk which becomes stretched and incorporated 
in the medial ligament of the wrist joint. He cites the 
clavicle as another example by saying that the centers of 
ossification that appear in the early development of the 
clavicle lead to a slowing in the growth of the precarti- 
lage. This relief of pressure on the mesenchyme removes 
the stimulus for chondrification, and the disks become 
modified to form the articular disks of the sternoclavicu- 
lar and acromioclavicular joints. Prentiss (1918) had 
already proposed this explanation in connection with the 
development of the knee and temporomandibular joints. 
The embryonic human knee joint contains at first a com- 
plete meniscus separating the femur from the tibia. 
Prentiss says that at birth the central portion of this 
meniscus or disk has disappeared, undoubtedly because 
of pressure exerted on the disk by powerful muscular 
pull across the joint. When in postnatal life great pres- 
sure is brought to bear on this joint by standing, etc., 
the disk continues its retrograde changes until only 
semilunar cartilages remain. 


Prentiss explains the development and also the pa- 
thology of the temporomandibular articular disk by this 
concept of the effect of pressure. He says that eruption 
of the teeth and, earlier, the presence of the large alveolar 
processes of the jaws prevent the condyles from pressing 
against the temporal articular surfaces. The disk, there- 
fore, is not obliterated by pressure. The finding re- 
ported here that the condyle and disk are separated from 
the temporal bone during the early development of this 
joint favors this hypothesis. An observation familiar to 
anatomists and dentists is mentioned by Prentiss: with 
the loss of the teeth and resorption of the alveolar proc- 
esses, the disk is subjected to increased pressure, and it 
degenerates, disappearing partially or almost completely. 

Another hypothesis that interprets joint formation on 
a mechanical basis is presented by Carey (1922). He 
postulated that joints are the mechanical resultants of 
the opposed actions of accelerated growth centers of the 
segmental skeleton; the contours of the opposed sur- 
faces forming a joint are dependent upon the intensity of 
the force of interstitial growth on the cross-sectional area 
of the segments forming the joint and upon the resist- 
ances to the growth of each skeletal segment. As an 
example Carey cites the hip joint, where the head of the 
femur advances farther into the acetabulum because the 
femur has a greater longitudinal growing force than 
the acetabulum. 

Both these suppositions—that pressure determines the 
fate of an articular disk, and that it establishes the con- 
tours of the joint surfaces—are compatible with the 
development of the temporomandibular joint. They 
must remain hypothetical, however, until experimental 
evidence determines whether a cause-and-effect relation 
exists between these conditions in the embryo as it ap- 
pears to do in pathological changes of the temporo- 
mandibular joint. 


Joint INTERZONES 


Considerable attention has been given by many in- 
vestigators (see Gardner, 1950) to the question, Are ar- 
ticular structures derived from a blastemal interzone? 
Much evidence has been offered from the study of the 
joints of the extremities to indicate that either the blas- 
tema or the mesenchyme, or both, may be the source 
of articular structures. The temporomandibular joint 
consists of membrane-bone skeletal components that are 
not connected by a blastemal interzone. A condylar 
growth-cartilage appears later in one of the skeletal com- 
ponents, but there is no indication in this joint of a 
continuous blastema which chondrifies and becomes seg- 
mented. The interzone appears to be mesenchymal, and 
through it the external pterygoid tendon passes to con- 
tribute to the formation of the articular disk, which as 
stated before is a derivative of the first branchial arch. 
The late evolutionary development of the temporoman- 
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dibular joint, and the fact that its skeletal components 
are membrane-bone elements of the skull and first 


branchial arch, result in a developmental pattern which 
differs from that seen in the joints of the extremities. 


SUMMARY 


1. The temporomandibular joint develops from the 
membranous portion of the temporal bone; from skeletal, 
muscular, and mesenchymal derivatives of the first 
branchial arch; and from a mesenchymal interzone. 

2. The rudiments of the temporomandibular joint 
appear in the last stages of embryonic development. The 
joint passes slowly through a developmental stage in 
which it resembles the normal structure of lower forms 
where the jaw joint occurs between the os quadratum 
and os articulare. Its development is essentially complete 
in the 220-mm. fetus. 

3. The articular disk develops early from muscular 
and mesenchymal derivatives of the first branchial arch. 
It consists mainly of a mesenchymal layer which passes 
between the external pterygoid and masseter muscles 
and then extends posteriorly over the developing condyle 
to attach to the part of Meckel’s cartilage that becomes 
the malleus. A small medial segment of the disk is 


formed by the tendon of the external pterygoid muscle, 
which is also attached to the malleus. 

4. The articular disk maintains its attachment to the 
malleus until fetal development of the joint is completed. 
It then takes part in the formation of the posterior joint 
capsule by becoming attached to the anterior lip of the 
Glaserian fissure and to the mandible. 

5. Meckel’s cartilage plays an important role in the 
development of the temporomandibular joint by (@) 
forming a framework around which the mandible de- 
velops; (4) acting as a strut which holds the lower jaw 
in place until the temporomandibular joint is formed; 
(c) providing an attachment for the developing articular 
disk. 

6. Developmental differences between the temporo- 
mandibular joint and the joints of the extremities are 
described, and mechanical theories of joint formation are 
discussed. 
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ABBREVIATIONS USED IN PLATES 


a. d., articular disk 

@. n., auriculotemporal nerve 

c., condyle 

c. c., condylar cartilage 

e. p. m., external pterygoid muscle 
e. p. t., external pterygoid tendon 
g. f., Glaserian fissure 


i. qd. n., inferior alveolar nerve 

i. 7. ¢., inferior joint cavity 

i. m. a., internal maxillary artery 
1. n., lingual nerve 

m., mandible 

mall., malleus 


m. c., Meckel’s cartilage 

m. m., masseter muscle 

m. m. a., middle meningeal artery 
0. g., otic ganglion 

S. }. C., Superior joint cavity 

t., temporal bone 
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PLATE I 


Fic. 1. Frontal section of right temporomandibular joint of embryo 
no. 6701, 24 mm., age group xxii; thickness 20 microns. Shows 
mesenchymal portion of disk associated with masseter and external 
pterygoid muscles. Note large distance separating disk and mandible 
from temporal bone. X 45. 

Fic. 2. Frontal section (inclined posteriorly) of right temporo- 
mandibular joint of embryo no. 86, 30 mm., age group xxiii; thick- 
mess 50 microns. Shows external pterygoid tendon and mesenchymal 
portion of disk extending posteriorly toward attachment to Meckel’s 
cartilage. X 45. 

Fic. 3. Frontal section (inclined posteriorly) of right temporoman- 
dibular joint of fetus no. 1318, 37 mm.; thickness 100 microns. Shows 


disk and external pterygoid tendon extending toward malleus. Note 
structures adjacent to joint. X 60. 

Fic. 4. Sagittal section of temporomandibular joint of fetus no. 95, 
46 mm.; thickness 100 microns. Shows condylar cartilage and rela- 
tion of disk and external pterygoid tendon to medial part of condyle. 
X 45. 

Fic. 5. Frontal section of left temporomandibular joint of fetus 
no. 5652, 49 mm.; thickness 40 microns. Shows relation of disk to 
condyle and temporal bone. X 45. 

Fic. 6. Sagittal section of right temporomandibular joint of fetus 
no. 96, 50 mm.; thickness 100 microns. Shows passage of external 
pterygoid tendon from condyle to malleus. XX 45. 
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PLATE 2 


Fic. 7. Transverse section of left articular disk and condyle of 
fetus no. 3990, 54 mm.; thickness 20 microns. Shows passage of ex- 
ternal pterygoid tendon to Meckel’s cartilage. Note adjacent blood ves- 
sels. X 45. 

Fic. 8. Transverse section of left articular disk and condyle of 
fetus no. 858, 57.25 mm.; thickness 200 microns. Shows vascular 
anastomosis (injected with India ink) extending through disk 
anteroposteriorly. X 45. 

Fic. 9. Sagittal section of temporomandibular joint of fetus no. 
6581, 75 mm.; thickness 20 microns. Shows inferior joint cavity 
formed; superior joint cavity forming in central portion. XX 36. 


Fic. 10. Sagittal section of left temporomandibular joint of 
no. 1455, 78.5 mm.; thickness 50 microns. Shows attachmen 


disk to anterior wall of Glaserian fissure. 

Fic. 11. Sagittal section of left tem 
no. 1455, 78.5 mm.; thickness 50 micro 
in figure 10. Shows external pterygoid 


tween condyle and Meckel’s cartilage. > 45. 
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Fic. 12. Sagittal section of left temporomandibular joint of 
no. 625, 220 mm.; thickness 20 microns. Disk is attached posteriorly 
to the temporal bone in the Glaserian fissure, which is still open. 
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DEVELOPMENTAL HORIZONS IN HUMAN EMBRYOS 
Description oF AcE Group X, 4 To 12 SomirTEs* 


INTRODUCTION 


For convenience in classifying human embryos as to 
state of structural organization and age, the late George 
L. Streeter (1945, 1948, 1949, 1951) set up 23 age groups 
to indicate levels of development from the fertilized egg 
to embryos measuring 30 mm. in length, or approximately 
47 days old. Beginning with stage xi, ovulation age 24 


+ x days, Dr. Streeter carried the work forward through 
the remaining older groups. In preparing a survey of 
embryos of the first 3 weeks of development, it is con- 
venient to begin with the oldest specimens of the period 
and thus consider the age group immediately preceding 
the one first completed by Dr. Streeter. 


AGE GROUP X, 4 TO 12 SOMITES 


ExTerRNAL Form, Sizz, AND AGE 


The most conspicuous event during age group x is the 
fusion of the neural folds. In the younger specimens the 
neural groove is open through its whole length. Fusion 
of the folds begins at about the stage of 7 somites, and 
by the end of the period the neural tube is closed from 
the otic region of the rhombencephalon to about the level 
of the latest-formed somite. Other important changes of 
form occur during stage x. The embryo progressively 
elongates, and the yolk sac continues to expand. At the 
same time the cranial portion of the neural folds grows 
forward and becomes distinctly elevated; the tail fold 
appears at the beginning of the period and overrides the 
yolk sac, and finally the whole embryo rises above the 
level of the yolk sac. The visceral components of the 
head begin to appear. Toward the end of the period, the 
increasing size of the heart makes the pericardial region 
a prominent feature of the external form. 

The task of compiling for the “Horizons” series a sur- 
vey of this stage has been lightened by free use of the 
admirable study of human embryos, covering a slightly 
longer period of development (2 to 16 somites), that was 
published by Bartelmez and Evans in 1926. Their study, 
which was concerned chiefly with the early development 
of the nervous system, included all relevant embryos 
then in the Carnegie and the University of Chicago Col- 
lections, and incorporated references to specimens in 
other laboratories. Since it appeared, 3 additional em- 
bryos of stage x have been acquired by the Carnegie 
Collection; the University of Chicago specimens have 
been deposited there; and 5 embryos have been described 
from other laboratories. In all, counting both fully de- 
scribed specimens and those that have merely been 
cited incidentally, about 36 embryos having 4 to 12 pairs 
of somites are known to have been examined by the em- 
bryologists of the world. Of these, 13 are now in the 
Carnegie Collection (including 2 which are not good 
enough for use in the “Horizons”), and 6 more are rep- 

1The studies of C. H. Heuser were supported in part by a 


research grant, RG-4222, from the National Institutes of Health, 
U. S. Public Health Service. 
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resented there by tracings, photographs, or models. Four 
of the remainder have been described in monographic 
form (Orts Llorca, 1934; Politzer, 1930; Schenck, 1954; 
Sternberg, 1927), so that they can be compared in almost 
all details with those available at the Department of 
Embryology in Baltimore. Arey’s (1938) comprehensive 
study of the first somite in human embryos has also been 
very useful for the present undertaking. 

Unfortunately, only one specimen of this period has 
been received, in the unfixed condition or recently pre- 
served, at the Carnegie laboratory since the development 
there of expert photographic methods such as produced 
the superb photographs which Streeter was able to 
present with his account of horizon xi. 

Representative specimens of this age group are illus- 
trated in figures 1 and 2. These outlines, showing the 
dorsal aspect and the median longitudinal section of each 
specimen, are enlarged to the same scale. As pointed out 
by Bartelmez and Evans (1926), the cranial flexure is 
present in all embryos of this period. A dorsal flexure 
may or may not be present. The curvature of the dorsal 
profile varies from a gentle convexity through all degrees 
of concavity from the least possible curve to a deep, 
sharp kink. Bartelmez and Evans (1926) and Streeter 
(1942) have discussed the significance of this variation as 
seen in human and rhesus embryos of the early somite 
stages. On the whole, the evidence indicates that, 
whereas extreme dorsal flexion must be regarded as an 
artifact, anything from a gentle convexity to a moderate 
dorsal concavity must be considered normal. 

The modeling of the head shows certain significant 
features. At about the stage of 7 somites the optic sulcus 
appears as a shallow groove on the external surface of 
the forebrain (fig. 1). It becomes much more prominent 
as it extends rostrally in later specimens, but at the end 
of this stage (no. 3707, 12 somites) the optic primordium, 
as seen in sections, is still only a thickened ectodermal 
plate indented by the sulcus. 

In discussing the visceral regions of the head we are 
forced to depend, for lack of good photographs of the 
youngest stages, upon the evidence afforded by the 
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Fic. 1, x. Outline drawings showing, in dorsal view, 8 embryos belonging in age group x. The number of somite pairs 
and the collection number are given for each specimen. The neural folds still gaping apart or separated from each other in the 4-somite 
specimens come together, and the fusion rapidly spreads forward into the region of the hindbrain and backward about as far as the 
last somites formed; the anterior and posterior neuropores shrink, but they are still relatively large in the oldest members of the group. 
The pericardial region, relatively small in the 4-somite embryos, is prominent in embryos of 10 or more somites. The tracing of one 
4-somite embryo was made from figures by Sternberg; no. 6330 and Veit-Esch were drawn from models in Baltimore. The others are 
drawings based on models and figures by Bartelmez and Evans (1926); Payne (1925); Corner (1929). All figures X 35. 
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Fic. 2, x. Outline drawings of mid-sagittal sections of embryos belonging in age group x. The head fold is prominent in all 
the specimens shown, and the tail fold is just beginning to appear in the 4-somite embryo; the hindgut shows the first sign of separating 
from the yolk sac. The line of fusion of the neural folds lengthens rapidly after the 7-somite stage. In the older embryos the general 
form of the body is greatly influenced by the enlarging heart and pericardial cavity. 

The drawing of one 4-somite embryo was slightly modified from a figure by Orts Llorca (1934); data for the Veit-Esch embryo 
were obtained from a model in Baltimore, and from a figure by Florian and Vélker (1929). No. 6330 was drawn from a model. 


The others are drawings based on models and figures by Bartelmez and Evans (1926); Payne (1925); and Corner (1929). All figures 
X 35. 
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models. In the 4-somite stage, of which 3 modeled speci- 
mens are available for comparison, the sides of the head 
region appear fairly smooth, without swellings to indi- 
cate the location of the mandibular and hyoid areas. At 
the stage of 7 somites the mandibular area is clearly visi- 
ble as a rounded swelling (no. 4216, Payne, 7 somites; 
no. 6330, 7 to 8 somites). As Bartelmez and Evans (1926) 
have described, the hyoid area becomes distinctly visible 
externally in the models of the Veit embryo (no. 4251, 9 
somites); it is perhaps beginning to appear in no. 6330. 
The maxillary process, recognized by Bartelmez and 
Evans (1926) as clearly present in the Veit embryo, is 
scarcely distinguishable on the external surface of the 
models until about the end of the period (no. 3710, 
II somites). 

Swellings at the site of the first and second branchial 
pouch are evident in the Veit embryo just caudal to 
the mandibular area and hyoid areas, respectively. At 9 
somites the first branchial groove is seen as a distinct 
depression. In the r1-somite embryos, as far as can be 
made out from the two available modeled specimens, the 
second branchial furrow is not yet visible on the surface. 

The dimensions of the chorion, recorded in only 8 of 
the specimens in the Carnegie list, are variable, because 
of differences in preparation and handling. One chorion 
has an average diameter (the mean of the largest and 
smallest diameters) of 19 mm. The average diameter of 
the other chorions falls between 8 and 15 mm. The di- 
mensions of 6 specimens recorded in published accounts 
fall within the same range. 

The reported size of the embryo itself, expressed by the 
greatest length, is of no great informational value, for 
various reasons which have been well set forth by Bar- 
telmez and Evans (1926, pp. 17-18). The lengths of the 
embryos of this stage in the Carnegie records, omitting 
those known to be badly flexed, are from 2.0 to 2.7 mm., 
with one exception, no. 3710, which measured 3.6 mm. 
in formol and 3.0 mm. as modeled. The clinical his- 
tories do not provide useful information about the age 
of the embryos in this group; as Streeter pointed out in 
his remarks about the age limits of subsequent horizons, 
the best estimate is obtained by matching the specimens 
against macaque embryos of known ovulation age at a 
similar stage of development. Three such macaque em- 
bryos in the Carnegie Comparative Collection having 5 
to 9 somites are listed (C 418, C 474, C 649), and 2 of 
them, 21 to 23 days old, are illustrated by Heuser and 
Streeter (1941). If the human embryos are of comparable 
age, an ovulation age of 22 days can be tentatively as- 
signed to horizon x. The fact that an 11-somite monkey 
embryo (C 495) had an ovulation age of 247% days must 
be kept in mind as a warning that the age estimates for 
Macaca mulatta and the comparison with human em- 
bryos are based on limited material having an as yet 
unknown range of variability. 


In summary, the characteristics of this age group are: 
fusion of the neural folds is imminent or in progress; 
the optic sulcus is present; the mandibular and hyoid 
bars begin to be visible externally; 4 to 12 pairs of meso- 
dermal somites are present; the embryo in most cases is 
between 1.5 and 2.0 mm. long; the average diameter of 
the chorion is between 8 and 15 mm. The ovulation age 
of the group is estimated to be 22 + 1 days. 


CoELomic TRact 


The pericardial cavity is present as a horseshoe-shaped 
cavity in the earliest embryos of this group (horizon x) 
(Orts Llorca; Sternberg; no. 3709), all of 4 somites. The 
future pleural and peritoneal spaces are represented only 
by small discontinuous cavities in the mesoblastic sheet; 
these spaces gradually coalesce, and at the 7-somite stage 
the passage thus formed opens more or less freely into 
the extraembryonic coelom. The process of cavitation of 
the mesoblast now continues, as the body wall and gut 
differentiate, until, in the later embryos of horizon xi, an 
extensive coelomic space is formed. Streeter (1942) has 
interestingly discussed the primitive coelom as a means 
for access of nutritive fluid to the embryonic tissues before 
the development of the blood vessels. 


Heart 

Goss (1938), extrapolating to the human species his 
observations on the first beating of the heart in rat em- 
bryos, states that the human heart must begin to beat at 
about the 3-somite stage, that is, the end of horizon ix. 
This event is followed in horizon x by marked changes 
of form by which the organ becomes ultimately an ef- 
fective pump. The development has been very carefully 
described in an article by C. L. Davis (1927), with ex- 
cellent illustrations by J. F. Didusch, to which the reader 
is referred for details. Here need be given only a sum- 
mary with confirmatory mention of specimens obtained 
since Davis wrote. 

Three distinct steps in the development of the heart 
can be recognized in this horizon. The first, seen at the 
stage of 4 somites, is illustrated by Davis in his figure 12 
(no. 3709) and figure 16 (“Klb”). The endocardial rudi- 
ment of the heart at this stage is a plexus of delicate 
vessels lying on the foregut. It consists of two parallel 
channels interconnected by two or more small transverse 
vessels. This condition is matched by all the other 4 
somite embryos available for comparison (no. 2795; Orts 
Llorca; Sternberg), except that in Sternberg’s figure the 
endocardium is represented as consisting largely of dis- 
continuous spaces, probably because of the difficulty of 
reconstructing collapsed channels from serial sections. 

The myocardial wall of the heart, as illustrated by 
Davis, also shows traces of origin from two tubes. Trans- 
verse sulci mark off the regions of the aortic bulbs, 
ventricles, and atria. 
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In the second step (stage of 7 to 8 somites, illustrated 
by Davis’ fig. 17 [no. 4216], fig. 20 [no. 4439], and fig. 22 
[no. 391]), the two endothelial tubes have fused in the 
regions of the aortic bulb and bulbus cordis, and also 
progressively in the ventricular region; the fusion be- 
comes complete at the 8-somite stage, the atria still being 
left paired. The single ventricular tube thus formed is at 
first practically straight, then assumes the gentle begin- 
nings of an S curve. Embryos that have become available 
since Davis’ work (no. 6330, 7 or 8 somites; Politzer, 8 
somites; West, no. 4983, 8 somites) all agree closely with 
the foregoing account. 

The enveloping myocardial wall is also a single tube 
as far as the ventricular region, but distinct bulges, to 
the left cranially and to the right caudally, give evidence 
of the imminent curving while the endocardium is as yet 
scarcely curved. 

The third step is the definite appearance of the S curve 
of the bulbus cordis and ventricular endocardial tube. 
The curvature, which is not marked in some of the 
g-somite embryos (Eternod “Du Ga,” no. 4439; Wilson 
H. 98, no. 7251), is apparent in the 9-somite Veit speci- 
men, no. 4251, and well developed in no. 5074 (10 
somites). Davis illustrates it in the 12-somite embryo 
no. 3707. 

In the myocardial wall, deep sulci separate the bulbar 
region from the twisted ventricular segment, and the 
latter from the right atrium. 

The heart is ready to begin the propulsion of blood 
through the pathways that are becoming available by the 
formation of the first and second aortic arches at about 
the end of horizon x. 


Nervous SystEM 

The nervous system, because of its simplicity at this 
period, offers few salient features that are useful in the 
classificatory description at which these Horizons aim. 
The elevation of the head fold has been mentioned in 
the introductory paragraph. 

The otic placode (otic plate or disk) could probably be 
seen by direct inspection of intact embryos of the horizon 
in the unfixed condition or after recent formol fixation. 
As Bartelmez (1922) showed, the otic placode appears 
very early in development and affords an excellent land- 
mark for analyzing the early embryonic brain. It has 
been identified in sections in all phases of this horizon, 
early and late. In the oldest specimen, no. 3707, the plate 
is perhaps just beginning to show the invagination, pre- 
paratory to formation of the otic cyst, which is character- 
istic of horizon xi. 

As to the closure of the neural groove, some of the 
newer specimens help to throw light upon the time of 
this event and the level at which it begins. The earliest 
embryo, as defined by a precise count of the somites, in 


which closure of the folds is under way is the 6-somite 
Huber embryo, Michigan no. 71. Professor Arey states 
(personal communication) that in this specimen the 
neural folds are in relatively close relation throughout 
most of the somite region. Actual fusion extends from 
the middle of somite 2 to the middle of somite 3. If, 
as Bartelmez supposes (personal communication), the 
West embryo, no. 4923, has only 5 or 6 somites instead of 
8 as tentatively counted by West, it would be the earliest 
known embryo showing closure. The 6-somite Farris 
embryo, no. 8244, has a completely open neural groove. 
The embryo “Ludwig” (Streiter, 1951), ostensibly of 7 
somites, is out of line with all others of comparable 
somite number; the extensive closure of the neural tube, 
taken into account with other advanced features, throws 
doubt on the somite count. 

The level at which fusion begins is evidently variable. 
Bartelmez and Evans (1926) located it at about the 4th 
somite, basing their conjecture on art apparently impend- 
ing closure at that level in the Pfannenstiel embryo of 5 
or 6 somites, and also on retrospective calculation from 
no. 4216 (7 somites), in which the tube is closed from 
the middle of the 3d to the middle of the 6th pair of 
myotomes. In Politzer’s 8-somite embryo, the fusion, 
which must have begun at about the same level, has 
reached two somites farther caudally, extending from 
the middle of the 3d to the middle of the 8th myotome. 
(This statement takes account of Arey’s correction of 
the somite count; compare his article of 1938 and the list 
of embryos, page 37 of the present paper.) West’s em- 
bryo has only a short closure opposite the 6th somite. 
Since the first contact occurs wherever the curving edges 
of the infolding ridges meet, it is to be expected that, 
when additional specimens having 6 or 7 somites are ob- 
tained, some scattering of the level of first contact from 
the 2d to the 7th somite will be found. 

The rate of spread of the closure in both directions 
was tabulated by Bartelmez and Evans (1926). As they 
point out, the caudal extension of the closure proceeds 
at about the same rate as the formation of new somites, 
so that the margin of the posterior neuropore is usually 
opposite the latest pair of somites. Rostrally, progress is 
slower and apparently more variable. At the end of the 
period of horizon x, no. 3707, closure has reached well 
into the hindbrain region (rhombomere 3). The 10- 
somite embryo no. 5074, which may now be added to the 
tabulation, is no exception, the closed part of the neural 
tube reaching from the caudal end of the roth somite to 
the level of the otic plate. 


NorocHorp aNnp Primitive STREAK 
By the time embryos are 3 weeks old, the cephalic 
region has greatly increased in size, and in all members 
of horizon x the primitive node and streak are limited to 
the relatively short caudal part of the body. At the head- 
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ward limit of the primitive streak the embryonic node 
is about at the entrance of the hindgut. Florian (1934) 
illustrates this point in a diagram in which one of the 
youngest embryos of stage x, Sternberg’s Vienna A, is 
included. This condition persists throughout the period 
of horizon x, existing in all the embryos available for 
comparison by study of the sections or by published de- 
scriptions. In the embryos of this age group tabulated 
by Bartelmez and Evans (1926), the length of the primi- 
tive streak was found to be 25 per cent of the total length 
of the embryo at the 4-somite stage (no. 3709), and to 
decrease to 18 per cent at the 11-somite stage (no. 3710). 
From the diagram of Florian (1934), a similar calcula- 
tion can be made which gives a somewhat smaller pro- 
portionate length: about 14 per cent of the length of the 
embryo in the Veit-Esch embryo (9 somites) and Bi XI 
(10 somites). 

The general picture of the notochord, which differs 
from specimen to specimen only in lengthwise dimension 
and in details of cellular structure, is that of a chordal 
plate or bar of cells beginning at the anterior end of the 
foregut and running caudally until it merges with the 
primitive streak. During most of its length the noto- 
chord is embedded in the dorsal endoderm, but in many 
embryos of horizon x it becomes clearly separate from the 
gut wall, and for a short distance (a few sections) forms 
a distinct rodlike structure which ultimately joins the 
primitive streak. 


NepurocEnic ‘TissuE 
At horizon x the nephric structures first appear. This 
occurrence has very recently been reviewed by Torrey 
(1954), who had at his disposal all the Carnegie em- 
bryos listed herewith. Nephric structures are absent in 
the 7-somite embryo (no. 4216), as stated by Payne and 
confirmed by Torrey. Embryos with 8 somites are the 
youngest that are known to show such rudiments. The 
specimen (no. 391) described by Dandy (i910), and 
embryo no. 6330, possess primitive segment stalks with 
characteristic nephrocoels and variable connections (peri- 
toneal funnels) with the coelomic epithelium, but other 
parts of the nephrons develop later. Confirming Corner 
(1929), Torrey places the first formation of a definitive 
nephron at the 10-somite stage (no. 5074). The Corner 
embryo, in addition to the structures named above, shows 
the rudiments of pronephric tubules in the form of ele- 
vations from the dorsal walls of the nephrotomes and 

the beginning of a solid nephric ridge. 


Normat Empryos IN CARNEGIE COLLECTION BELONGING 


in AcrE Group X 


The embryos available for this study are listed in the 
accompanying table. In the 3d column, E. gives the 
greatest length of the embryo and Ov. is the average 
diameter (the mean of the greatest and least diameters) 


of the chorion. The grade of the embryo, “Poor,” 
“Good,” or Excellent (“Exc.”), refers to the total grade 
of the specimen, and includes both its original quality and 
the condition of the mounted sections. The cutting 
medium was either paraffin (P) or a combination of 
celloidin and paraffin (C-P). All sections were cut in a 
transverse plane. 


Empryos oF Horizon X Descrisep or UseFuLtty Crrep 
IN THE Literature, INCLUDING THE PRESENT CHAPTER 


4 somites, Carnegie Collection no. 3709, Baltimore (Uni- 
versity of Chicago H. 279). Characterized, with outline 
sketches, by Bartelmez and Evans (1926). 

4 somites, Histologisch-Embryologisches Institut, Embryo 
A, Vienna. Fully described by Sternberg (1927). 

4 somites, Histologisch-Embryologisches Institut, Embryo 
Ca, Vienna. Fully described by Orts Llorca (1934). 

4 to 5 somites, Florian’s Embryo Bi I. The whereabouts 
of this, the following embryo, and the 10-somite Bi XI (see 
below) are not known; Florian’s collection has not been 
found since his death during World War II. The embryo 
Bi II was briefly characterized by Studnitka (1929), cited 
and partly illustrated by Florian (1928, 1930). 

4 to 5 somites, Florian’s Embryo Bi III. (See note on 
previous embryo.) Briefly characterized by Studnitka (1929) 
and cited by Florian (1928). 

4 to 5 somites, Carnegie Collection no. 2795, Baltimore. 
Cited and briefly characterized by Bartelmez and Evans 
(1926). The specimen is distorted and somewhat macerated. 

5 somites, Anatomisches Institut, Zurich, GM 1954. De- 
scribed and illustrated by Schenck (1954). 

5 to 6 somites, Pfannenstiel “KIb” (originally at Giessen; 
was in Keibel’s Institute at Freiburg i. B. about 1911, may 
now be in Berlin). This well known embryo is no. 3 in 
the Keibel and Elze Normentafel (1908). Models by Kroe- 
mer (1903). A partial set of tracings made by H. M. Evans 
is in the Carnegie Collection, no. 5463. 

6 somites, Carnegie Collection no. 8244, Baltimore. Some- 
what distorted; histologically fair. 

6 somites, University of Michigan no. 71, Ann Arbor. 
Briefly described by Arey and Henderson (1943). A full 
description in an unpublished doctoral dissertation is in the 
files of L. B. Arey at Northwestern University, Chicago. 

6 somites, Carnegie Collection no. 8818, Baltimore (Uni- 
versity of Chicago H. 338). Pathological; not used in pres- 
ent study. Listed here because cited by Bartelmez and Evans 
(1926). 

6 to 7 somites, His’ Embryo “SR.” Cited by His (1880) 
and by Bartelmez and Evans (1926). Has been studied 
only in the gross. 

6 to 7 somites, Embryo LM, present location unknown. 
Cited here from manuscript notes at Carnegie laboratory, 
made from Russian text of Burow (1928). Condition said 
to be poor. 

7 somites, Carnegie Collection no. 4216, Baltimore. De- 
scribed by Payne (1925), and very frequently cited. 

7 (?) somites, Embryo “Ludwig,” Berlin. Described by 
Streiter (1951). This specimen, which is somewhat macer- 
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ated, is in certain characteristics considerably in advance of 
others of similar somite number. 

7 or 8 somites, Carnegie Collection no. 6330, Baltimore 
(University of Chicago H. 1404). Extensive manuscript 
notes on this specimen, made under the supervision of G. W. 
Bartelmez, are in the files of the Carnegie laboratory. 

8 somites, Dublin. Described by West (1930); see also 
Arey (1938). Photographs and models are in the Carnegie 
Collection, no. 4923. Bartelmez (personal communication) 
thinks that this distorted embryo had only 5 or 6 somites. 
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8 somites, Embryologisches Institut, Embryo Ct, Vienna. 
Fully described by Politzer (1930). Arey (1938) counts 8 
paired somites in this embryo instead of 7 as stated by 
Politzer. 

9 somites, University of Cambridge, Department of Anat- 
omy H.98. Photographs and models in Carnegie Collection, 
no. 7251. Described by J. T. Wilson (1914). Cited by Bartel- 
mez and Evans (1926), who consider it slightly abnormal in 
form though good histologically. 

9 somites, Embryo “Esch 1,” Marburg. Elaborately de- 


List oF EmBryos 


Paired Cutting Thinness 
Serial no. somites Size (mm. Grade Fixation medium (microns) Stain Date, donor, and remarks 
Bk, ob see 8 Bay 2 Good Formol P 10 Al. coch. 1907, R. W. Pearce, Albany, 
Ov., 14 N. Y. Monograph by W. E. 
Dandy 
WON. ce cove 8 B 2 Good Formol 1p 8 H.-Or. G. 1915, A. B. Streedain, Chicago 
Oy., 14.4 (University of Chicago H. 
87) 
BSB 00000 4-5 ey 2 Poor Alcohol 2 6 Al. coch. 1919, H. H. Cushing, Philadel- 
Ovens Or. G. phia 
SW 506650 12 iayow Good Formol P 12.5 Iron H. ISWiL, IR, I, ILease, Badkeley, 
Ov., Calif. (University of Calif. 
H. 197) 
3109). 20006 4 E., 1.74 Poor Formol 1p 10 Erythrosin 1921, J. P. Spooner, Peru, Ind. 
Ov., 14.8 (University of Chicago H. 
279) 
BY) aste eats 1 By | AD Good Formol @-P 10 H.-Or. G. 1921, E. Rice, Chicago (Uni- 
Ov., 19.0 versity of Chicago H. 392) 
LONG: be oee 7 By 2 Good Formol 1p 15 ? 1923, F. Payne, Bloomington, 
Ov., 9.8 Ind. Monograph by F. 
Payne 
DOTA versa: 10 i, hS Exc Bouin P 10 Al. coch. 1925, T. Jameson, Rochester, 
Ov., 10.8 N. Y. (University of Roch- 
ester H. 10). Monograph 
by G. W. Corner 
B80. 400060 7-8 Ida, Bao Good ? C-P 5 Ehr. H. 1931, S. §S. Schochet, Chicago 
Ov., . (University of Chicago H. 
1404) 
tape be tetas 6 Bo, 155 Good Alcohol C-P 8 H.-E. 1944, E. J. Farris, Philadelphia 
Orr, Bod Phloxine 
S970 eee 12 Beep 4, Good Zenker P 5 Various, 1952, E. Hirsch, Chicago (Uni- 
Ov., ca. 8 chiefly versity of Chicago H. 637) 
carmine 


8 somites, Carnegie Collection no. 391, Baltimore. De- 
scribed by Dandy (1910) and frequently cited (cf. Bartelmez 
and Evans, 1926, with additional illustrations). There were 
neither camera drawings nor photographs of the intact 
specimen, and therefore the reconstructions are not entirely 
satisfactory. The plaster models now at the Carnegie labora- 
tory were made by O. O. Heard under the supervision of 
Bartelmez for the paper by Bartelmez and Evans (1926). 
The apparent lack of fusion of the neural folds described 
by Dandy is an artifact produced by a crack. 

8 somites, Carnegie Collection no. 1201, Baltimore (Uni- 
versity of Chicago H. 87). Described briefly by Evans and 
Bartelmez (1917); cited, with illustrations, by Bartelmez 
and Evans (1926). 


scribed by Veit and Esch (1922), and cited, with illustra- 
tions, by Bartelmez and Evans (1926), who count 9 somites 
instead of 8 as stated by the original authors. Photographs 
and models are in the Carnegie Collection, no, 4251. 

9 somites, Embryo “Du Ga,’ Geneva. Described by 
Eternod (1896); models by Ziegler were distributed com- 
mercially. Cited by Bartelmez (1922) and Bartelmez and 
Evans (1926), with illustrations. Tracings made by H. M. 
Evans at Geneva and models are in the Carnegie Collec- 
tion, no. 4439. 

About 9 somites, Embryo Unger, Keibel Collection, Frei- 
burg 1. B., no. 4 of Keibel and Elze (1908). Listed by 
Bartelmez and Evans (1926). 

9 somites, Embryo “Jacobsen,” formerly at Kiel (Graf 
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Spee’s collection was destroyed in World War II). Described 
by von Spee (1887). Listed by Bartelmez and Evans (1926) 
as having “at least” 9 somites. 

9 somites, Embryo Ca of Oris Llorca, Madrid. Various 
details described by Mari Martinez (1950) and Martinez 
Rovira (1953). 

9 to 10 somites, Embryo R. Meyer 335 (Professor Robert 
Meyer’s collection was purchased by the late Dr. Hedwig 
Frey and bequeathed by him to the Anatomisches Institut, 
University of Zurich). Listed by Bartelmez and Evans 
(1926), and cited by Felix (1912). 

10 somites, Carnegie Collection no. 5074, Baltimore (Uni- 
versity of Rochester H. 10). Fully described by Corner 
(1929), and subjected to volumetric analysis by Boyden 
(1940). 

10 somites, Grosser’s Embryo Schw2 (present location un- 
known). Briefly described, without illustrations, by Treut- 
ler (1931). Preservation said to be not altogether satisfac- 
tory. 

10 somites, Florian’s Embryo Bi XI. (See note on Bi II 
above.) Briefly described, with illustrations, by Politzer and 
Sternberg (1930); cited and partly illustrated by Florian 
(1930). 

10 somites, Anatomy Department, University of South 
Wales, Cardiff. Partly described and illustrated by Baxter 
and Boyd (1939). 


II somites, Carnegie Collection no. 3710, Baltimore (Uni- 
versity of Chicago H. 392). Cited by Bartelmez (1922) and 
Bartelmez and Evans (1926). 

11 somites, Embryo T 152, University of Toronto, De- 
partment of Anatomy. Cited by Arey (1938). 

11 somites, Embryo G-dt, Uppsala. Described by Holm- 
dahl (1943) as having 11 well differentiated somite pairs, 
with beginning delimitation of 4 more. 

II to 12 somites, Carnegie Collection no. 8970, Baltimore 
(University of Chicago H. 637). Somewhat damaged. Cited, 
with illustrations, by Bartelmez (1922) and Bartelmez and 
Evans (1926). 

12 somites, Carnegie Collection no. 3707, Baltimore (Uni- 
versity of California H. 197). “Legge embryo.” Cited, with 
illustrations, by Bartelmez and Evans (1926). The coital 
history accompanying this specimen, which was declared to 
be reliable, would give it an ovulation age of either 18 or 
39 days; the former seems too little, and the latter is much 
too long. 

12 somites, Litzenberg embryo, University of Minnesota, 
Minneapolis. Briefly described by J. C. Litzenberg (1933); 
characterized and subjected to volumetric analysis by Boy- 
den (1940), who counts 12 somites instead of 13 to 14 as 
in the original description. Photographs and model in Car- 
negie Collection, no. 6740. 

12 somites, M. 24, University of Michigan, Ann Arbor. 
Cited by Arey (1938). 
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Photographs of 3 embryos with 7 to 11 pairs of somites. In has an unusually abrupt upward bending of the front third of 
the dorsal view of no. 6330 (fig. 3), the neural folds are well the body. The relations of heart, yolk sac, and other details are 
shown both in the brain and in the spinal-cord regions. The well shown. 
folds are actually fused in a short region of the embryo as indi- Fic. 3. Embryo no. 6330. X 20. 
cated in the outline sketches of the same specimen (figs. 1 and Fic. 4. Embryo no. 6330. X 20. 

2). The mandibular arch is clearly seen in the lateral view, Fic. 5. Embryo H. 98. X 30. 
figure 4. The 9-somite embryo, H. 98 (Wilson, 1914), figure 5, Fic. 6. Embryo no. 3710. X 20. 


C. H. HEUSER AND G. W. CORNER 


Photographs of the ro-somite embryo no. 5074, made after 
most of the amnion had been cut off. The general body form 
and structural details of the embryo are well shown in both the 
dorsal and lateral views. The neural closure extends a short 
distance caudal to the last somite, to the level of the otic seg- 


PLATE 2 


ment of the hindbrain. The pericardial cavity is quite large in 
this specimen; in figure 8 the heart itself is faintly visible through 
the thin, semitransparent body wall. 

Fic. 7. Embryo no. 5074. X 20. 

Fic. 8. Embryo no. 5074. X 20. 
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THE EARLY DEVELOPMENT OF THE TRACHEA AND ESOPHAGUS IN 
RELATION TO ATRESIA OF THE ESOPHAGUS AND 
TRACHEOESOPHAGEAL FISTULA* 


INTRODUCTION 


Among the important congenital abnormalities now 
amenable to surgical correction is atresia of the esopha- 
gus, with or without tracheoesophageal fistula. Esti- 
mates of the frequency of the condition vary from Ingalls 
and Prindle’s (1949) report of 6 cases in 30,497 live 
births at the Boston Lying-In Hospital to the state- 
ment by Belsey and Donnison (1950) that it occurs as 
often as 1 in 800 pregnancies. The common varia- 
tions of this abnormality have been classified by Vogt 
(1929) as shown in figure 1. The most frequently seen 
type, more than go per cent of all cases, is that designated 
as IIId, in which the upper esophageal pouch ends blindly 
and a fistulous tract leads from the trachea to the lower 
esophageal segment. 


Type | 


Type II Type III 


Fic. 1. Vogt’s classification of atresia of the esophagus. Type 
I, atresia of entire esophagus. Type II, atresia of a segment of 
the esophagus with defined upper and lower esophageal pouches. 
Type III, atresia of the esophagus with tracheoesophageal fistula: 
a, fistula between the upper esophageal segment and the trachea; 
d, fistula between the lower esophageal segment and the trachea; 
c, fistulae between both esophageal segments and the trachea. 
From Leven e¢ al., Ann. Surg., vol. 136, p. 704, 1952. 


Esophageal atresia with tracheoesophageal fistula was 
first described in 1696 by Thomas Gibson, whose interest- 
ing account is quoted by Ingalls and Prindle (1949). 
The condition has always aroused considerable interest, 
and reviews of the subject have been published by Keith 
(1910), Plass (1919), Rosenthal (1931), Gage and Ochs- 
ner (1936), and Lanman (1940). The problem of tra- 
cheoesophageal fistula without esophageal atresia has 
been extensively reviewed by Ferguson (1951). 


1 This investigation was begun during the author’s tenure of 
the Halsted Fellowship of the Department of Surgery, Johns 
Hopkins University, under the direction of Dr. Alfred Blalock, 
Director of the Department of Surgery, and with the co-opera- 
tion and invaluable assistance of Dr. George W. Corner and 
Dr. Chester H. Heuser of the Department of Embryology of 
the Carnegie Institution of Washington. 
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The possibility of definitive treatment by division of 
the fistula and simultaneous primary end-to-end anasto- 
mosis of the esophageal pouches, originally suggested by 
the anatomist Sir Arthur Keith, in 1910, set a goal toward 
which surgeons struggled through the next thirty years. 
In 1939, working independently, Leven (1941) and then 
Ladd (1944) had the first successes of any sort with in- 
fants with a type IIIé atresia of the esophagus. Both in- 
fants were handled by multiple-stage procedures: primary 
gastrostomy to permit feeding, ligation of the tracheo- 
esophageal fistula in the chest, and exteriorization of the 
upper pouch inthe neck. Keith’s idea of a primary li- 
gation of the fistula and simultaneous esophageal anasto- 
mosis was pioneered by Lanman (1940) and by Shaw 
(1939), but the first success was attained in 1941 by 
Haight and Towsley (1943). Since that time various 
improvements have raised the survival rate in recent 
years in some clinics above 60 per cent. 

While the surgery of congenital abnormalities has been 
advancing rapidly in the past twenty-five years, our 
knowledge of the basic processes leading to the produc- 
tion of these same abnormalities has not kept pace. 
Just as investigations into the basic physiology, pathology, 
and bacteriology of infectious-disease processes have fur- 
thered the prevention and therapy of these diseases, so 
may an understanding of the basic processes in the causa- 
tion of congenital abnormalities be expected ultimately 
to indicate the means of treating them or preventing 
their occurrence. 

The once widely accepted view of Mall (1908) that all 
anomalies of human development result from faulty im- 
plantation of the embryo due to maternal disease was 
succeeded by a general tendency to assume that all con- 
genital anomalies result from genetic causes inherent in 
the fertilized ovum. This view, as E. S. J. King (1948) 
has commented, hindered research by perpetuating the 
belief that congenital anomalies must be accepted as ac- 
complished facts, and that their causes and the path of 
their development can never be traced. 

In recent years, the hope that abnormalities of devel- 
opment may ultimately be explainable in terms of devel- 
opmental physiology has been encouraged by several 
lines of investigation, including the analysis of differentia- 
tion, as exemplified, for instance, by the organizer theory 
of Spemann (1928) and the production of embryonic 
anomalies by various experimental means. It is now clear 
that the immediate cause of any anomaly of development 
is a disturbance of growth at a critical time in the dif- 
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ferentiation of the embryonic tissues. Such disturbance 
may result from the action of unfavorable genes; from 
environmental causes such as trauma, the action of toxins, 
certain viruses, nutritional deficiencies, and various other 
harmful agents; or from combinations of genetic and 
environmental factors. 

Hypotheses concerning the causes of abnormal growth 
must be consistent with the principles of physiological 
embryology now being developed from experimental 
studies, and they must rest upon the morphological fea- 
tures of normal development. In the study of any par- 
ticular anomaly, the path of normal development must 
be clearly defined and, as far as material is available, 
must be compared with that of embryos which exhibit 


the anomaly. In this way, the time of first departure 
from the normal may be ascertained, and the investigator 
may be able to discover whether the abnormality results 
from deficiency or cessation of development, or from a 
local excess in the growth of tissues such as has been 
suggested by Patten (1953) as a possible explanation of 
embryonic abnormalities. At present, human embryo- 
logical material is available in quantities and in excel- 
lence of preparation hitherto not known, and so a re- 
evaluation of the clinically accepted concepts of abnor- 
mal development becomes possible. Such a re-evaluation 
of the nature of tracheoesophageal anomalies is the aim 
of the present paper. 


NORMAL DEVELOPMENT OF THE TRACHEA AND ESOPHAGUS IN MAN 


The development of the human trachea and esophagus 
has been described by Lewis (1912), by Grosser (1912), 
and by Puiggrés-Sala (1937). The development of the 
respiratory system in the pig was investigated by Flint 
(1907). A monograph by Hjortsj6 (1945) on the devel- 
opment of the respiratory system in the cat has been 
published. The later phases of pulmonary development 
have been described by Wells and Boyden (1954). Johns 
(1952) has described the development of the esophageal 
epithelium. 

The rich material of the Carnegie Collection of human 
embryos now permits a more precise account of the early 
development of the trachea and esophagus and a much 
more accurate statement of the relation of the stages of 
this process to the general development and age of the 
embryo than have previously been possible. The follow- 
ing account is based on a survey of 112 embryos in hori- 
zons x to xv, from which 58 specimens were selected for 
detailed study. Streeter’s comments in his Horizon arti- 
cles (1942, 1945, and 1948) on various phases of develop- 
ment, and his previously published descriptions of the 
individual embryos as cited, have been freely drawn upon. 


Horizon X, 21 To 23 Days, 4 To 12 SoMITEs 

At horizon x, the first primordium of the respiratory 
system is seen in the mid-line of the ventral wall of the 
foregut between the thyroid primordium cranially and 
the anterior intestinal portal caudally. A cellular pro- 
liferation produces a ridge on the external surface of the 
foregut and a corresponding mid-line groove, the laryn- 
gotracheal sulcus, on the internal surface. The ridge 
widens as it extends caudally. A slight furrow is seen 
in this region in the 8-somite Dandy (1910) embryo, 
no. 391. In the 10-somite Corner (1929) embryo, no. 5074 
(fig. 2), this laryngotracheal sulcus is well defined. 
Whereas the lining cells of the foregut are single-layered 
and in some areas almost squamous, in the laryngotra- 
cheal sulcus the lining consists of 2- to 3-cell layers, and 
the cells appear transitional or almost columnar with a 


striated border suggesting possible ciliation. They are 
surrounded by undifferentiated mesenchyme. 


Spinal cord 


Dorsal aortae 


Zo 


ay 
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Fic. 2. A, the ventrolateral aspect of a model of the foregut 
of embryo no. 5074, horizon x, showing the earliest pulmonary 
primordium, the laryngotracheal sulcus, between the thyroid and 
the anterior intestinal portal. Drawing by Mary M. Cope. X75. 
B, section 2-2-3, same embryo, at the level of the laryngotracheal 
sulcus. The notochord forms a portion of the thin dorsal wall 
of the foregut. The differentiation of the cells of the ventral wall 
of the foregut is noted. X 100, 


Horizon XI, 24 To 26 Days, 13 To 20 SoMITEs 


The next stage of development is well illustrated by 
two embryos of horizon xi, no. 6344 and no. 2053 (Davis, 
1923). In figure 3, the foregut has increased in length as 
the embryo has grown. The laryngotracheal groove has 
elongated. A definite thickening of the ventral wall of 
the foregut is present cephalad to the liver primordium. 
Number 6344 has a laryngotracheal groove 168 microns 
long, which begins just caudal to the thyroid primordium 
as a shallow furrow and ends with a knoblike thicken- 
ing of the endodermal wall. The groove lies directly 
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Fic. 3. Left, profile reconstructions of the gut tract (X30) in two embryos in horizon xi (no. 6344, 13 somites; no. 2053, 20 
somites). 4, B, C are drawings (X 100) of transverse sections through the developing respiratory primordium to show the relation of 
the pulmonary knob or the lung bud to the surrounding structures. These sections show the knoblike appearance of the lung bud, 
which is bilobular in section C. The profile reconstructions are adapted from Streeter, 1942, figure 1, xi. The transverse sections in this 
and following horizon composites were drawn from the actual sections by Mary M. Cope. 
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in the dorsal mesocardium and laterally is in contact with 
the coelomic cavities. The ventral and lateral walls of 
the foregut are 3 to 4 cells in depth; in contrast, the 
dorsal wall is only 1 cell thick. The nuclei of the cells 
of the future respiratory system have grouped themselves 
ventrally, and numerous mitoses are seen. 

In a later example of horizon xi, the Davis embryo 
(no. 2053) of 20 somites, a well marked laryngotracheal 
groove extends from the contracted caudal end of the 
pharynx to a point just cephalad to the liver diverticulum, 
and ends in a bilobular swelling separated from the liver 
by a shallow transverse sulcus. The groove is separated 
from the dorsal digestive tract by a longitudinal sulcus 
running from the cephalic portion of the laryngotracheal 
groove. The respiratory primordium lies cranial to the 
liver, caudal to the thyroid, dorsal to the sinus venosus, 
and ventral to the descending aortae, spinal cord, and 
notochord (sections A, B, C of fig. 3). The microscopic 
appearance is little changed from that of no. 6344. 


Horizon XII, 25 ro 27 Days, 21 To 29 SomITEs 


Figure 4 shows the characteristic state of the endo- 
dermal tract of embryos of horizon xii. In no. 5056, an 
early representative of the period, there is a knoblike 
lung bud adjacent to the sinus venosus. On transverse 
section, the notochord, previously an integral part of the 
dorsal wall of the foregut, has moved farther dorsalward 
between the paired aortae. The long axis of the growing 
foregut has become oriented in a dorsoventral direction. 
Separation of the respiratory and digestive tracts, as de- 
scribed below, is beginning. Small sprouts of vessels 
can be seen forming the pulmonary vasculature. In 
no. 5923, the lung bud has become more prominent and 
separation has progressed. The ventral wall of the fore- 
gut reaches a thickness of 7 to 8 cells, whereas the dorsal 
wall is only 3 or 4 cells thick. Small vascular twigs are 
present. Below the point of separation of the trachea 
and esophagus, the wall of the esophagus thickens and 
the caliber of the lumen diminishes. 

The early formation of the tracheoesophageal septum 
was studied carefully, for it seemed crucial in the devel- 
opment of a tracheoesophageal fistula. Although the 
septum is often pictured as resulting from the “pinching- 
off” of the lung bud from the foregut, this explanation 
does not appear to be correct. Ridges of endodermal cells 
develop from the lateral walls at the caudal end of the 
lung-bud region of the foregut. The union of these 
proliferating ridges, within the lumen of the foregut, 
divides it into a ventral respiratory and a dorsal diges- 
tive portion. At this point there is seen no evidence of 
external pressure upon the foregut, no condensation of 
mesenchyme, no indentation of the basement membrane 
indicative of a “pinching-off.” (See fig. 14, pl. 1; figs. 16, 
17, pl. 2.) This interpretation of the manner of separa- 
tion is in keeping with modern concepts of embryonic 


organization. Hjortsjo (1945) has described a similar 
tracheoesophageal division in the cat. After division by 
the cellular ridges, the innermost cells in the core of the 
septum apparently undergo necrosis, to form coalescent 
vacuoles (fig. 17, pl. 2); finally the basement membrane 
collapses, and mesenchyme passively fills the space so 
vacated. 

A second feature of this horizon and the next, which 
was subjected to a careful investigation, is the presence of 
lateral esophageal grooves as described by Lewis (1912) 
and Forssner (1907). Figure 5 shows the caudal and 
dorsal course described for these grooves running from 
just dorsal to the tracheoesophageal ridges to the dorsal 
wall of the esophagus. The internal ridges thus pro- 
duced are similar in histological structure to the ridges 
forming the tracheoesophageal septum. Their impor- 
tance lies in the fact that overgrowth could well result 
in a type IIIb abnormality as illustrated on the right in 
figure 5. In the light of Patten’s suggestion (1953) that 
excessive development, as well as deficient growth, may 
precipitate abnormalities, these ridges are of considerable 
interest. Definite evidence of them was found in at least 
6 embryos of horizon xii studied (nos. 1062, 4245, 4736, 
4759, 7724, 5035). This second ridge of endodermal cells 
can be seen in figures 13 and 15 (pl. 1). A sagittal sec- 
tion from no. 7724 (fig. 15, pl. 1) shows evidence of a 
well developed lateral esophageal groove. It is of interest 
to note the manner in which the protruding mass of this 
groove occludes the lumen of the esophagus dorsally, 
while a communication between the respiratory tree and 
the lower esophagus still exists. A similarity can be seen 
between this section and that of the Harvard embryo 
shown in figure 23 (pl. 4). 


Horizon XIII, 27 ro 29 Days, Empryos aBourT 4 TO 
5 MM. Lone 

Figure 6 illustrates the continued development of the 
lung, trachea, esophagus, and stomach. In transverse sec- 
tions, the trachea and primary bronchi can be distin- 
guished. In the older embryos of this horizon, that part 
of the respiratory tract cephalad to the bifurcation of the 
bronchi certainly seems to represent the future trachea, 
and not the lung bud as claimed by some authors whose 
descriptions imply that the trachea appears at a much 
later time. 

Embryos of horizon xiii indicate clearly the semi- 
independence of the various growth phases involved: 
branching of the bronchial tree, formation of the tracheo- 
esophageal septum, and lengthening of the trachea and 
esophagus. Figure 7 exemplifies this point. Three lung 
buds are shown in which the cranial extent of tracheo- 
esophageal separation has been marked. Despite a com- 
parable degree of bronchial development, three different 
levels of tracheoesophageal separation are seen. 
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A marked diminution in the diameter of the esophagus 
just caudal to the tracheoesophageal separation is noted. 
This finding has also been reported by Johns (1952) as 
occurring in all embryos between 5 mm. and 23 mm. It 
would appear that the elongation of the esophagus causes 
a reduction in its diameter. In no. 836, the esophagus 
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Horizon XIV, 29 To 31 Days, Empryos azouT 6 To 
7 MM. Lone 
Figure 8 shows the endodermal tract of horizon xiv. 
In front of the esophagus, a definite trachea with two 
primary bronchi is present. The bronchi begin to curve 
backward. As Streeter (1945) has pointed out, the right 
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Fic. 4. Left, profile reconstructions (Xx 35) of the gut tracts in two embryos from horizon xii (no. 5056, 25 somites; no. 5923, 28 
somites). 4 is a transverse section (X50) of the respiratory region in an early embryo of this horizon. B, C, D are transverse sections 
(X50) at three levels to show the shape of the lung bud in a later embryo in the same horizon. There is an increase in mesenchymal 
activity in the cells adjacent to the coelomic cavity. The epithelial nature of the division of the respiratory and digestive tubes is shown 
clearly in the last three transverse sections. Profile reconstruction from Streeter, 1942, figure 2, xii. 


narrows at one point to such an extent that no lumen 
is visible in the sections. Microscopic evidences of the 
endodermal formation of the tracheoesophageal septum, 
however, continue to be found. Numerous cells are seen 
to be migrating from the lining of the coelomic cavity to 
contribute to the supporting structures of the trachea and 
esophagus (fig. 6). 


bronchus tends to be longer and directed downward, the 
left bronchus being more horizontal and shorter. Fur- 
ther, the growing ends of the bronchi are bulbous, as is 
characteristic of centers of active cell proliferation. In 
the older members of the series, secondary foci of 
proliferation can be seen which have become free of 
the dominance of the growing tip. They mark sites 
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Fic. 5. Left, drawing of the foregut of a 4mm. human em- 
bryo in the region of the developing lung bud, showing the lo- 
cation of the lateral esophageal groove (L. E. G.) in relation to 
the tracheoesophageal septum (T. E. S.) and the lumen of the 
trachea (T.) and of the esophagus (E.). Overdevelopment of 
the internal ridges of this groove would occlude the esophagus 
along the line of the groove. Maintenance of a communication 
between the trachea and the esophagus, as indicated in the draw- 
ing by the region outlined by a broken line, would result in a 
picture similar to a type IIIb atresia of the esophagus with a 
tracheoesophageal fistula (F.) as illustrated on the right. From 
Keibel and Mall, Manual of Human Embryology, volume 2, 
figures 237 and 238. 
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Fic. 7. Three embryos of horizon xiii, showing the disparity 
of bronchial branching and tracheoesophageal separation. + 
marks the level at which the trachea and esophagus have a com- 
mon lumen. X65. From Streeter, 1945, figure 1, xiii. 


inner epithelial tube surrounded by a richly vascular- 
ized mesenchymal zone, which in turn is partly en- 
closed by mesothelium facing the coelomic spaces. The 
lumen of the esophagus remains small. The begin- 
ning pulmonary blood supply is more clearly defined. 
The small arterial twigs descend from the sixth aortic 
arch with irregular bilateral channels. A small com- 
mon pulmonary vein drains into the left atrium. (See 
no. 721, fig. 9, in horizon xv.) 

The remaining four stages, horizons xv to xviii, 
were not studied in detail, having been sufficiently de- 
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Fic. 6. Left, profile reconstruction (X30) of the gut tract in an embryo of horizon xiii, no. 836. 4, B, C, D are drawings 
(X30) of transverse sections of this embryo at the level of the respiratory primordium. From the surrounding mesenchyme the sup- 
porting connective tissue and muscle layers begin differentiation. The profile reconstruction is taken from Streeter, 1945, figure 1, xiii. 


where secondary bronchi are to branch off. Such sec- 
ondary foci do not occur in the trachea, which, it is 
evident, is already specialized in its own way. Like- 
wise, the early steps in specialization of the larynx can 
be seen. 

Figure g illustrates the microscopic appearance of 
the lung and esophagus at this stage. There is an 


scribed by Streeter in the Horizons series, from which 
the following paragraphs are abstracted. 


Horizon XV, 30 To 32 Days, Empryos aBouT 7 
To 8 mm. Lone 


Figure 10, xv, shows the developing trachea, bronchi, 
and esophagus in this horizon. Definite secondary 
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bronchi are present. Figure g and figure 18 (pl. 3) 
show that the supporting frameworks of the trachea 
and the esophagus are distinct, one from the other. As 
noted in the previous horizon, pulmonary vessels can 
be recognized, and a plexus of capillaries surrounds 
the primary bronchi. 


Horizon XVI, 32 To 34 Days, Emsryos asout 8 
TO 11 MM. Lone 


Figure 10, xvi, illustrates the continued differentia- 
tion and elongation of the trachea and the esophagus. 
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Horizon XVIII, 36 to 38 Days, Empryos about 14 
To 16 mM. Lone 


Figure 21 (pl. 3) illustrates the microscopic structure 
of the trachea and the esophagus at horizon xviii. Mes- 
enchymal condensation about the trachea is marked. 
Submucosal and muscular layers can be identified about 
the esophagus. The aorta, pulmonary arteries, and vagus 
nerves are also visible. 


From these studies of normal embryos, the following 
conclusions have been reached concerning the develop- 
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Fie. 8. Left, profile reconstruction of the gut tract and developing vasculature from an embryo of horizon xiv, no. 1380. X35. 
A, B, C, D are drawings of frontal sections showing the trachea, primary bronchi, and esophagus. X20. Profile reconstruction from 


Streeter, 1945, figure 1, xiv. 


Separation of the two components is almost complete. 


Figure 19 (pl. 3) shows further differentiation of the 
supporting structures. 


Horizon XVII, 34 To 36 Days, Empryos asour 11 
TO 14 MM. Lone 

The endodermal tract of this embryo is shown in 
figure 10, xvii. Separation of lung and trachea from 
the foregut is essentially complete. A definite larynx 
is seen. Differentiation of the lung into five lobes has 
begun. Figure 20 (pl. 3) exhibits the microscopic 
structure. Elsewhere condensations of mesenchyme 
foreshadowing the tracheal cartilages can be identified. 


ment of the trachea and the esophagus. The epithelium, 
termed by Streeter “the dictator tissue of the lung,” is 
truly the initiator and governor of the formation of the 
tracheoesophageal septum. The mesenchyme throughout 
plays only a passive role. Angiogenesis occurs in response 
to epithelial growth. The original laryngotracheal 
groove, which is seen as early as the 10-somite stage, is 
probably the direct primordium of the pulmonary sys- 
tem. The critical period of development with respect to 
the occurrence of atresia and fistula probably begins at 
this stage or perhaps earlier. 

Through horizons xii to xiv, three crucial phases of 
development occur concomitantly: rapid elongation of 
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the trachea and the esophagus, division of the trachea 
from the esophagus, and bronchial budding. That these 
somewhat independent processes may be competitive 
has been suggested. 
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In horizon xv, definite separation has occurred, and 
the supporting tissues of the trachea and esophagus are 
present. 


COEL.EPITHEL. 


NO.6502 


Fic. 9. Drawings of sections taken through the respiratory and esophageal regions in horizons xiii, xiv, and xv to show the differ- 
entiation of the supporting tissues of the lung and esophagus. In horizon xiii is still seen the proliferating coelomic epithelium which 
is the source of the supporting tissues of the pulmonary and esophageal regions. In horizon xiv, further organization of the mesenchyme 
occurs, and angiogenesis is seen about the esophagus. Continued vascular development is seen in horizon xv with the appearance of a 
common pulmonary vein. Embryo no. 721 is X50; the remaining sections are X 100. Drawings by J. F. Didusch from Streeter, 1945, 


figure 4, xv. 


DESCRIPTION OF ABNORMAL EMBRYOS 


Five early human embryos with esophageal atresia 
have been reported. We have fortunately been able to 
study the microscopic sections of three of them. 

1. Gladstone (1935) demonstrated an embryo of 
19-mm. crown-rump length to the Anatomical Society 
of Great Britain and Ireland. From his description, this 
specimen belongs to horizon xix (39+1 days). The em- 
bryo had a blind cranial esophageal pouch, and from the 
dorsal aspect of the trachea, just above the bifurcation, a 
tracheoesophageal fistula led to the patent end of a distal 
segment of esophagus continuous with the stomach. The 
anomaly is, therefore, type III. The size of the cranial 
esophagus diminished as it terminated in imperfectly 
developed epithelial and muscular coats. Among other 
abnormalities present was defective development of the 
vascular system with persistence of the right dorsal aorta 
giving rise to a retroesophageal subclavian artery, while 


the right common carotid artery arose directly from the 
arch of the aorta. Other malformations included absence 
of the posterior nares, abnormal development of the oc- 
cipitocervical region of the skull and vertebral column, 
and an abnormal development of the brain. Gladstone 
reported evidence of impaired nutrition and a diseased 
condition of the tissues, affecting particularly the muscu- 
lar and endothelial walls of the heart and blood vessels. 
He believed that the atresia of the esophagus and the 
tracheoesophageal fistula could not be explained simply 
as due to the development of a retroesophageal subclavian 
artery. In view of the multiplicity and extent of the de- 
velopmental defects exhibited by this embryo, Gladstone 
suggested that “the evidence appeared to be in favour 
of the anomalies being primarily due to some general 
cause, e.g., a diseased condition of the chorion and em- 
bryo interfering with the normal development, rather 
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than to a local cause such as pressure of a persistent right 
dorsal aorta on the oesophagus and trachea.” Our ef- 
forts to locate this embryo in order to borrow it for study 
were not successful. 

2. Ysander (1925), in an inaugural dissertation on 
double monsters, described an 8-mm. double monster 


at the level of the carinae of both tracheae, there are 
fistulae continuous with what appear to be caudal eso- 
phageal segments opening into a large common stomach. 
Although the total length is 8 mm., the embryo is ob- 
viously stunted, because other features place it in an 
older age group. The form of the upper and lower lung 
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Fic. 10. Profile reconstructions of the respiratory system, esophagus, and stomach in embryos of horizons xv (no. 6504), xvi (no. 
6510), and xvii (no. 6520). There is continued branching of the bronchial tree with dorsal inclination of the bronchi. The larynx 
is differentiated. The narrowness of the esophagus in horizon xvi is to be noted. X45. Profile reconstructions from Streeter, 1945, 


figure 5, xv; figure 5, xvi; figure 6, xvii. 


embryo, lent by Dr. Robert Meyer. Efforts to trace the 
present whereabouts of this embryo were not successful. 
Through the kindness of Dr. John Naeslund of Uppsala, 
Sweden, we were able to obtain the original monograph. 
Notes on the specimen are filed in the Carnegie Collec- 
tion (no. 9334). This embryo, whose endodermal tract 
is shown in figure 22 (pl. 4), has two esophagi, both of 
which become atretic at the level of the atria. Beginning 


buds, the presence of pigment about the lens, and the 
development of secondary bronchi would place it in 
horizon xvi (33 days, 8 to 11 mm.). The presence of a 
foramen ovale secundum suggests an even greater age. 
The detailed description of the esophagus is as follows 
(with minor verbal emendations) : 


At first the two oesophagi run in the ordinary way im- 
mediately behind their respective tracheae, and appear to be 
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normal, both as regards the structure of the walls and the 
width of the lumen. 25 mm. below the commencement of 
the trachea in the case of the left component, and 20 mm. 
in the case of the right component (measured on the 
model), the oesophagi suddenly come to an end. Without 
any demonstrable dilatation the epithelial tube ends blindly, 
and is continued downwards as a strand of mesenchyme, 
which soon becomes lost in the thin posterior wall of the 
peri-tracheal mesenchyme. ... This, however, is not the 
last trace of the oesophagi, for out of the tracheal bifurca- 
tion of each component a tube projects, which is lined with 
epithelium. Further down, this tube curves downwards and 
inwards toward the centre of the double monster, where, at 
a distance of 23 mm. in case of the left component, and 19 
mm. in case of the right component, from the bifurcation 
(measured on the model), it opens up into a large common 
ventriculus, thus proving itself to be the true continuation 
of the oesophagus, the course of which was interrupted by 
the obliteration. 


In anticipation of a discussion of the causes of tracheo- 
esophageal fistulae, several observations about this mon- 
ster are of interest. The lungs are normally developed 
for the corresponding stage of development. The heart 
is enlarged, although the points of esophageal oblitera- 
tion lie cranial to the heart. The upper segment of the 
esophagus is continuous with the trachea through the 
mesenchymal condensation. The fistulae do not exhibit 
the narrowing seen in other specimens. Ysander made 
no mention of any epithelial occlusion. In relation to this 
specimen, a report by Panse and Gierlich (1949) is of in- 
terest. In each of a pair of identical twins, one a stillborn 
anencephalic monster and the other an externally normal 
newborn who lived only a few hours, a Vogt type IIb 
esophageal atresia was found at postmortem examination. 

3. The late Dr. F. T. Lewis described (1912) an 
18.1-mm. embryo in the Harvard Collection which gives 
evidence of a Vogt type IIId atresia of the esophagus and 
also a retroesophageal right subclavian vessel. This em- 
bryo was first described by Minot (1910) and was esti- 
mated to be about 40 days of age; it is classified as hori- 
zon xix. Although otherwise normal, the embryo ex- 
hibits epithelial occlusion in the duodenum and anus. 
The lungs appear to have developed to a stage consistent 
with the length and age of the embryo. A model, figure 
23 (pl. 4), clearly shows the dilatation of the caudal 
esophagus compared with the extreme narrowness of the 
fistulous tract shortly after it leaves the trachea. Through 
the kindness of Dr. Lewis, the sections of this embryo 
were made available for examination. Memoranda and 
notes are filed in the Carnegie Collection (no. 9335). 

4. Gruenwald (1940) reported a g-mm. human embryo 
with a type IIId atresia of the esophagus. On the basis 
of development, length, and estimated age, this embryo 
would be classified as belonging to horizon xvi. The 
lung buds appear to be somewhat retarded in growth 
for an embryo of that horizon. The case is remarkable 


in that the lower segment of the esophagus arises from 
the upper third of the trachea, 630 microns above the 
bifurcation. The upper segment is only 140 microns long. 
The embryo shows agenesis of both ureteric buds and 
hypoplasia of the right umbilical artery. As in the pre- 
ceding specimen, the esophagus is extremely narrow in 
the section closest to the trachea. 

Fluss and Poppen (1951) have suggested that the 
upper pouch of the esophagus in this embryo represents 
a pharyngeal diverticulum, the connection between 
esophagus and trachea, described by Gruenwald as the 
fistula, being simply the common foregut normal at this 
stage. They suggest that the trachea may not be differen- 
tiated to the same extent as the lung bud and larynx. 
Such an interpretation is not in accord with the descrip- 
tions based on adequate material, as outlined above in 
the section on normal development, which show that in 
horizons xv to xvi a definite trachea, separated signifi- 
cantly from the esophagus, exists and will shortly be 
followed by development of the larynx. 

5. Another embryo with an atresia of the esophagus 
was reported by Professor M. Yamasaki of Tohoku Uni- 
versity, Sendai, Japan, in 1933. We are greatly indebted 
to Professor Yamasaki for generously lending the speci- 
men for study, and to Colonel Carl F. Tessmer of the 
Medical Corps, U. S. Army (attached to the Atomic 
Bomb Casualty Commission), for facilitating its tem- 
porary transfer to Baltimore. Models and other records 
are preserved in the Carnegie Collection (no. 8731). ‘The 
embryo, measuring 8.5 mm., had abnormalities of other 
regions, including the nervous system, the face, and the 
spinal column. The embryo is classified as belonging to 
horizon xvi because of pigmentation of the eye vesicle, 
incipient phalangeal rays on the hand plate, separation of 
the lens vesicle, and the presence of primordia of the 
cochlear duct and of the pancreas. The head is small; 
the cervical curvature is slight; and the heart does not 
appear to be enlarged. The trachea and lungs seem 
somewhat retarded in comparison with other embryos 
of horizon xvi. 

On examination, an upper esophageal pouch is seen 
to end blindly (figs. 24, 25, pl. 4). The larynx begins just 
below the thyroid pouch. At this point, the epithelial 
lining is of fairly uniform thickness, approximately three 
cell layers. Few mitoses are present. Beyond the separa- 
tion of the trachea and esophagus, there is a definite zone 
of condensation about the cranial portion of the trachea 
which is well differentiated from the condensation about 
the dorsal gut. The cells about the trachea and in the 
more cranial portion have elongated nuclei, in contrast 
with the rounded nuclei of the cells of the wall of the 
gut. The wall of the cranial esophagus is formed of two 
layers of oblong cells. The trachea, at the point of bifur- 
cation, has a finger-like projection of epithelium and sur- 
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rounding connective tissue which is directed toward a 
more caudal blind stump of esophagus that enters the 
stomach (fig. 26, pl. 4). Yamasaki postulates that this 
embryo with a type II atresia of the esophagus developed 
along the same pathway as an embryo with a type IIId 
atresia of the esophagus with a tracheoesophageal fistula 
and differs only in the development of an atretic segment 
in the mid-portion of the fistula. Thinning of the fistu- 


lous tract in this same region has been noted both in the 
Harvard embryo and in the Gruenwald embryo which 
were described above. 

The embryo also shows an overgrowth of the duodenal 
mucosa. The pneumatoenteric recess is present, but does 
not seem large enough to cause changes by pressure. 
Both 4th aortic arches are present, but without exaggera- 
tion of size. 


HYPOTHETICAL EXPLANATIONS OF THE ANOMALY 


The many hypotheses suggested to explain the origin 
of atresia of the esophagus and tracheoesophageal fistula 
reflect the basic lack of understanding of the origin of 
all congenital defects. The hypotheses can be divided 
into the following groups. 


EprrHetiaL Occiusion 


Kreuter (1905) suggested that a physiological occlu- 
sion of the lumen of the esophagus, which had been de- 
scribed in the 19- to 20-mm. stage, might lead to atresia 
if recanalization did not occur. Subsequent work has led 
to some doubt whether complete occlusion of the lumen 
occurs. The present investigation has revealed little evi- 
dence of epithelial occlusion in horizons x to xv, although 
narrowing of the esophagus in the region just caudal to 
the bifurcation of the trachea was noted, reducing the 
caliber of the esophageal lumen. (See horizon xiii, 
no. 836.) Johns (1952) has noted vacuolization in the 
esophageal epithelium in the 13- to 16-mm. stage (hori- 
zons XVii to xviii). Neither of these findings, however, 
appears to correspond to a “solid” stage of esophageal 
development suggested by Kreuter. The occurrence of 
esophageal atresia in embryos considerably younger than 
the 19- to 20-mm. group, in which epithelial occlusion is 
stated to occur, points to some earlier cause. Epithelial 
occlusion also fails to explain the frequent accompani- 
ment of a tracheoesophageal fistula. 


INTRAEMBRYONIC PRESSURE 


Pressure of the heart. It has been suggested by Schmitz 
(1923) that enlargement of the embryonic heart com- 
bined with marked dorsal curvature in the cervical re- 
gion may displace the esophagus and trachea dorsally, the 
esophagus being pinched off against the vertebral col- 
umn. As the embryo subsequently enlarges, the cranial 
segment is pulled free. Although several of our speci- 
mens had signs of cardiac enlargement, esophageal 
atresia and tracheoesophageal fistula have been known to 
occur in acardiac or microcardiac monsters. This fact, 
combined with general objections to hypotheses depend- 
ent upon pressure, leads the present author to question 
this general explanation. 

Pressure from abnormal vessels. The frequent associa- 
tion of a retroesophageal right subclavian artery with 
tracheoesophageal fistulae and esophageal atresia has led 


to the speculation by Fluss and Poppen (1951) and others 
that the abnormally persistent caudal portion of the 
right dorsal aorta, passing dorsal to the esophagus, may 
press upon it and cause an atresia. Against this hypothe- 
sis is the finding of esophageal atresia in two embryos at 
an early stage of development when the vessel in ques- 
tion appears too small to exert significant pressure. The 
presence of an abnormal vessel, though frequent and of 
considerable surgical importance, is not a constant fea- 
ture of esophageal atresia. The presence of a retro- 
esophageal artery in the Gladstone and Harvard embryos 
would seem to represent the simultaneous occurrence of 
a related, but not causative, anomaly. 

Pressure by the pneumatoenteric recesses. Broman 
(1904) suggested pressure from the pneumatoenteric re- 
cesses as the cause of the abnormality. These recesses are 
connected with the pericardial cavity and with the 
chorionic cavity at one stage of development. The pres- 
ence of excess fluid, accentuated by the movements of the 
heart, was thought to cause pressure against the dorsal 
portion of the foregut with pinching-off of the digestive 
tube. These recesses, however, develop somewhat later 
than the stages indicated as critical by this study, that is, 
horizons xi to xv. 

Despite the continued arguments for the causation of 
defective growth by abnormal pressures on developing 
structures, considerable doubt exists as to the importance 
of mechanical pressure. The disturbance of spatial rela- 
tions thus produced might influence growth by altering 
the concentration or locus of action of “organizers,” but 
mechanical pressure per se seems to be an unlikely cause 
of malformations. The extremely gelatinous nature of 
the embryo in these early stages would appear to permit 
considerable displacement of developing structures. 


DIFFERENTIAL GROWTH 


Hypotheses of the third group are based on biochemi- 
cal and physical alterations, caused by unknown factors, 
of the complex integration of growth necessary to normal 
development. Yamasaki (1933) has stated that “accord- 
ing to my interpretation the dysfunction of active cellular 
proliferation is to be looked upon as the primary and 
fundamental reason for the abnormal development of 
the lung buds while other factors, such as the abnormal 
heart size, play only a contributory role in the process.” 
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He called attention to the difference between the thin 
dorsal layer of cells and the rather profuse epithelium on 
the ventral side of the primitive foregut. Clinical ex- 
perience showing esophageal atresia to be far more com- 
mon than tracheal atresia, which is in fact exceedingly 
rare, can be correlated with this finding. Yamasaki went 
on to postulate that the rapid growth of the trachea and 
pulmonary primordium uses up so much of the “growth 


a ie) 


Fic. 11. @, lung bud and trachea ventrally (shaded) and eso- 
phageal tissue dorsally (stippled). 4, normal development of the 
trachea (¢) and the esophagus (e) caudal to the pharynx (p), 
showing synchronized growth and continuity of the esophagus. 
c, rapid elongation of the trachea, resulting in a thinning-out of 
the segment of the esophagus along the dorsal wall so that a com- 
munication or fistula is left. d, with elongation of the trachea 
the fistula comes to occupy a position near the bifurcation. 
From Gruenwald (1940), figure 3. 


potential,” as expressed in available cells, that the poste- 
rior digestive segment cannot provide enough cellular 
material to complete the esophagus. 

Gruenwald (1940) suggested a similar chain of events 
in that a delay in separation accompanying a rapid 
elongation of the trachea may carry the developing diges- 
tive tube caudalward so rapidly that it loses the ability to 
differentiate into a separate and normal esophagus over 
the distance which the trachea has grown (fig. 11). With 
a decrease in the rate of growth of the trachea, the cranial 
segment of the digestive tract may begin to differentiate, 
and may even make up the growth difference and over- 
lap the lower segment. He points to the presence of 
esophageal tissue on the dorsal wall of the trachea, or of 
muscular bands passing from the upper segment of the 
esophagus to the trachea, as evidence that esophageal 
tissue stretched thin by rapid elongation of the trachea 
is present on the dorsal wall of the respiratory tree. Our 
study has substantiated the semi-independent nature of 
the processes of elongation and tracheoesophageal divi- 
sion. 

Rosenthal (1931), whose views reflect the experienced 
judgment of G. L. Streeter, with whom he discussed his 
cases, believed the defect to be caused by faulty union of 
the epithelial ridges which divide the foregut internally. 
He pointed out, without attempting a detailed explana- 
tion, that some alteration from a truly craniocaudal divi- 
sion, causing the growth to be directed dorsalward, 
might divide the foregut in such a way as to produce 
the abnormality under discussion. The possibility that 
epithelial ridges of the lateral esophageal groove play 
this role was not mentioned. 


DISCUSSION 


It has been the purpose of this investigation to eluci- 
date the early development of the pulmonary and eso- 
phageal portions of the foregut in the early human em- 
bryo, and to attempt to clarify the abnormal processes 
which lead to esophageal atresia and tracheoesophageal 
fistula. A complete solution to these problems is still 
lacking, but the morphological analysis presented above 
makes it possible to question and possibly discard some of 
the hypotheses and to suggest lines of evidence from 
which an explanation may ultimately be attained. 

As illustrated by the specimens brought together in 
this study, abnormalities in the differentiation of the 
trachea and esophagus are well established as early as 
horizon xvi or xvii (fifth week of embryonic life). The 
disturbances of embryonic development which cause the 
anomalies must, therefore, be looked for at earlier stages. 
The observations on normal embryos reported above 
show that the tracheopulmonary primordium is distin- 
guishable as early as 21 days after fertilization. At least 
as early as this, possibly earlier, the tissues are sufficiently 
differentiated to respond to specific organizer actions. 


Anatomical defects of the type we are considering must 
have their beginnings at this and the immediately pre- 
ceding stages. Disturbances acting much earlier, for ex- 
ample before horizon x or xi (fourth week), would in 
all probability result in more widespread defects. A later 
disturbance, after horizon xviii, say, would require dete- 
rioration of structures already well developed. At such 
later stages, the specific developmental phases of the 
trachea and esophagus have passed their period of great- 
est vulnerability to disturbance. Explanations of esophag- 
eal atresia caused by disturbances after this critical pe- 
riod call for a high degree of coincidence to account for 
the rather constant anatomical appearance of the abnor- 
mality. 

Among the morphological points brought out by this 
investigation which suggest in what direction we must 
look for the site of the primary organizational defect, the 
most crucial is the apparent importance of the epithelium 
of the foregut as the determining factor in the separation 
of the trachea from the esophagus. The mesenchyme 
seems to have only a passive role in this process. The 
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possibility of epithelial imbalance results from the ap- 
parent independence in timing shown by elongation of 
the trachea and esophagus, bronchial branching, and 
tracheoesophageal separation. The defects in question 
thus appear to arise from disturbances in the differentia- 
tion and growth pattern of the epithelial lining of the 
foregut at the time when separation of the trachea and 
esophagus is impending or is in its earliest stages. 

The hypothesis that the abnormality is caused by ab- 
normal intraembryonic pressures has very little morpho- 
logical support. Many investigators have stressed that 
the embryonic tissues appear most susceptible to injury, 
and consequent abnormality, when they are undergoing 
the most rapid and complex development. During hori- 
zons X to xv, three rapid and complex major changes are 
occurring: elongation and growth; separation of the 
trachea from the foregut; and branching and growth of 
the bronchial tree. At this time, abnormalities may come 
about either as the result of retardation of growth or as 
the result of excessive growth in certain portions of the 
developing structure; in fact, probably both are involved. 
The concept of “tissue availability,” suggested by Gruen- 
wald and Yamasaki, seems useful in analyzing the se- 
quence of events. The present investigation suggests 
that the development of both esophageal atresia and 
tracheoesophageal fistula may involve hyperplasia of the 
lateral esophageal ridges. The atresia would seem to 
result from the too rapid elongation of the trachea, com- 
bined with diminution in esophageal substance such that 
the esophagus “cannot make ends meet,” as suggested 
by Gruenwald. The thickened tissue of the wall of the 
lateral esophageal groove provides cellular material for 
the continuation of the esophagus, at this point, with the 
development of a fistula. Lesions of type I] may arise, 
as suggested by Yamasaki, from a failure of the fistula to 
persist or to develop. The tenuous nature of the fistula 
was noted in the Harvard embryo. Where no suggestion 
of a fistulous tract exists, we would assume only the 
factor of too rapid a respiratory elongation without ab- 
normal development of lateral esophageal grooves. Fis- 
tulae without atresia and defects of type IIc would ap- 
pear to be due to localized or limited failure of the devel- 
oping tracheoesophageal ridges, perhaps caused by im- 
balance between tracheoesophageal division and elonga- 
tion. 

The similarities between esophageal atresia and im- 
perforate anus, and between tracheoesophageal and uro- 
genital fistulae, are striking. Atresia of the ventral and 
secondarily developing system is rare in both the former 
regions; and the urogenital septum resembles the tra- 
cheoesophageal septum in many respects. In a brief 
study, the mechanism of separation appeared to be simi- 
lar, that is, epithelial division rather than pressure from 
the ingrowth of mesenchymal bars. The frequent oc- 


currence of a fistula from the blind “inner” segment to 
the ventral respiratory or urogenital system follows much 
the same pattern. 

Although the time of onset of the disturbance can be 
determined within close limits, and its morphological 
stages can at least be subjected to reasonable conjecture, 
the causal factors that actually operate in individual 
human cases, by interfering with the growth process at 
the critical time, remain to be determined by clinical 
study. 

Evidence for genetic causation of these defects in man 
is scanty in spite of their relative frequency in newborn 
infants. Three cases have been reported in which the 
abnormality occurred in more than one pregnancy in the 
same family, in each instance in the same generation 
(Mackenzie, 1884; Grieve and McDermott, 1939; Lan- 
man, 1940). In the first of these reports, three children 


TABLE 1 


MATERNAL PRENATAL FACTORS IN 87 CASES OF ESOPHAGEAL 
ATRESIA WITH TRACHEOESOPHAGEAL FISTULA 


Acute infections or metabolic disturbances in first trimester.. 6 
Chroniewdiseasen eye gan Cty Al wah! ORIEN RTECS) A Veer. al: 12 
ly dramniosi tase he hymen LAY AN Rone, ane an eal 20 
Aumespantenin Ijlesehimgy .oocccceuccsocscuacneceuoussacanaugs 6 


From cases of Children’s Hospital, Boston, and Boston Lying-In 
Hospital. Ingalls and Prindle: Esophageal atresia with tracheoeso- 
phageal fistula. 
of the same father but by different mothers had the ab- 
normality. In another case mentioned previously (Panse 
and Gierlich, 1949), both of a pair of twins were affected; 
and Ysander (1925) described the anomaly in both por- 
tions of a double monster. Ingalls and Prindle (1949), 
in reviewing 107 cases of esophageal atresia at the Bos- 
ton Children’s Hospital, found no evidence of a genetic 
element in their origin. As yet, no geneticist has ob- 
served a strain of laboratory animals carrying these de- 
fects, such as are now well known in connection with 
many other anomalies. 

Possible environmental causes of malformations can be 
studied in two ways: beginning with malformed infants 
and studying the pregnancy of the mothers; or beginning 
with mothers who have a suspicious complication in 
pregnancy and determining the outcome, as has been 
done in studies on German measles. Table 1 gives pre- 
natal data from a group of 87 cases of the Boston 
Lying-In Hospital and the Boston Children’s Hospital. 
The rather high proportion of various disturbances of 
pregnancy, coupled with a high incidence of prematurity, 
suggests that the embryonic abnormalities were part of a 
picture of generally inadequate gestation. Ingalls and 
Prindle also remarked on the frequent incidence of early 
bleeding from the uterus in the prenatal history of the 
cases. Such inadequacy, however, could result either 
from genetic weakness of the embryo or from a disturb- 
ance of gestation due to causes operating through the 
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maternal environment. That this is a generalized factor 
is suggested by the frequent occurrence of associated 
abnormalities as shown in table 2. 

Experimental evidence for the causation of these par- 
ticular defects by environmental agencies is almost en- 
tirely lacking. Warkany ef al. (1948) have reported one 
rat fetus in a group born to a vitamin-A-deficient mother 
in which a tracheoesophageal fistula was present. In 
view of the repeated production of various other com- 
mon defects, such as spina bifida, cleft palate, and cardiac 
lesions, by a wide variety of traumatic and toxic agents, 
it is to be expected that, sooner or later, carefully timed 
experiments will result in the production of tracheo- 
esophageal defects. 

In the present state of knowledge, we can only sup- 
pose that tracheoesophageal defects of the human embryo 
may result from either genetic or environmental causes 
or from a combination of both, such as a maternal infec- 
tion or nutritional deficiency acting upon a genetically 
weak embryonic tissue. 

As stated above, the time at which any injurious stimu- 
lus or agent is acting upon the embryo seems to be of 
more importance than the specific nature or quantita- 
tive amount of the noxious agent. For example, defec- 
tive genes, X rays, cortisone treatment, and vitamin de- 
ficiency might all produce the same abnormality if ap- 
plied at the same period of development. It is to be 
hoped that the present study, by defining the time at 


which the human embryo becomes susceptible to defects 
of organization of the trachea and the lower esophagus, 
may assist clinicians in studying prenatal histories in the 
search for their specific environmental causes. 


TABLE 2 


ASSOCIATED ABNORMALITIES FOUND IN 233 BABIES WHO HAD 
ESOPHAGEAL ATRESIA 


Congenitallaheartacdiseasc ssn ern nh rae 24 
Malformation of anus or rectum.................00e eevee 23 
Migelelhs chhreriicullaren, a ccncvoparaboanoussccmoconasaroooes 10 
Atresia or stenosis of small intestine...................... Z 
Malrotation of colon and intestines .....................--. 4 
Goarctationgotga ontaysenika died cy bear Pcie ea eer 6 4 
Weriorall amonvelligs Qos sba0cdado Ubooaoo cap eveoesncnnacen 4 
StenosismOnmunetetarus rer evan nee et Uae RED yt 4 
PATI NUlaragpaNCreastere meme esi ci, sO eeRe cone Root, MeO. ee 2 
Mongolisnniarr tetecceiiesn fe )cnlicl. eet, AaRR PE nmi yese t 2 
Dylonicwstenosismeypess-ryter cept dba ye arurnoys areqsa sa piles ams tree ds eety 2 
Duplicationmotstomach Manes eee per ene er anor nan nae 2 
iNoganes Ge Ieichyay use-3 Se ae eee amas Meee as oem eee 2 
ElorseshocskiGneyseenmenririte cian. | hone scsite iy easly anee 2 
SbrSkiy amvel Glatt joelevs. .o.occvccvsgoucgocmoseoa0vc0g0n0n 2 
Fly pospacliasmmeeemery metre Mise ena aee: Sat artes 2 
Inhysoplaaa GE WACINE IS so0acc0ccccenavcnvdecncen 000000000 1 
Dye oraammetcte INEM 2. o0008000008d000000080000080050008 1 
INGSESS Ce NOE ooo abe UB Woh gap Coe O OR en RCM ne hn aun 1 
Sremasis GF laromdal ...occcousocs vpdavonso000 seco auDcDS il 
Septate vagina and bicornuate uterus...................... 1 
PSernGlol NEDO IONROOHLEISIN 4 oo00000000000000805008000n0005000 1 
Club foot ...... Ot plo'd 0 GALEGO ¢-a8y RAR ISR: CORE RT Sena eee ONO Oran rae 1 
Warsong momar armomelligs 5 50oc0a00gs0as00n9000600000800000 7 


From Gross: The surgery of infancy and childhood. 


CONCLUSIONS 


1. A review of the normal development of the trachea 
and esophagus from horizon x to horizon xviii (23 to 38 
days after ovulation) shows that the critical period at 
which congenital atresia of the esophagus and tracheo- 
esophageal fistula must begin to develop is in horizons 
x to XV. 

2. The earliest observed embryonic cases are in horizon 
XVi OF XVil. 

3. Study of five embryonic specimens showing these 
defects, three of which have been examined by the pres- 


ent author, suggests that the mechanism of their produc- 
tion is a growth defect of the esophagus and trachea, 
coupled with overgrowth of the epithelium which bulges 
into the foregut over the lateral esophageal ridges. 

4. In the present state of knowledge, the causation of 
these defects must tentatively be ascribed to genetic de- 
fects or disturbances of the maternal environment (in- 
fectious diseases, toxic conditions, or nutritional disturb- 
ances during pregnancy) acting at a critical period in the 
organization of the trachea and esophagus. 
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PLATE I 


Fic. 12. Photomicrograph showing the endodermal prolifera- 
tion characteristic of the pulmonary knob in horizon xi. The 
lateral and ventral walls of the foregut are thicker than the 
dorsal wall. The ventral and lateral epithelium has a transitional 
appearance; the dorsal epithelium is more cuboidal. Embryo no. 
2053, section 3-4-7, X 100. 

Fic. 13. Photomicrograph of the foregut, showing the pres- 
ence of a second endodermal ridge, the lateral esophageal groove, 
dorsal to the tracheoesophageal ridge. In this section the right 
ridge is more prominent, though serial sections confirm the pres- 
ence of both a right and a left ridge. Again, the disparity in the 
thickness of the ventral and dorsal walls is noted. Embryo no. 
5035, section 2-I-15, X 400. 

Fic. 14. Photomicrograph showing the early tracheoesophageal 
separation as shown by horizon xii. The ventral respiratory seg- 
ment shows a characteristically thick endodermal wall. The en- 


dodermal ridges between the respiratory and digestive portions 
have joined without an indentation of the basement membrane 
as might be expected from a “pinching-off.” Although an in- 
dentation is seen on the right coelomic surface, no condensation 
of mesenchyme is present. The primarily endodermal nature of 
the tracheoesophageal separation is well illustrated. Embryo no. 
6144, section 2-3-8, X 200. 

Fic. 15. Sagittal section taken in the plane of the primary 
bronchus, showing the manner in which the lateral esophageal 
groove, by medial overgrowth, would tend to block the lumen 
of the upper esophagus. The remaining sections of this embryo 
show the lumen of both trachea and esophagus to be patent. 
Definite lateral esophageal grooves running dorsally and caudally 
narrow the esophagus markedly. The communication in this 
section is between a bronchus, at the level of the bifurcation, and 
the esophagus. Embryo no. 7724, section 2-2-13, X 100. 
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PLATE 2 


Fic. 16. Photomicrograph to show the tracheoesophageal 
separation in horizon xiii. Although there is a slight in- 
dentation in the left basement membrane, endodermal 
division is present without evidence of mesenchymal pres- 
sure or condensation. Embryo no. 5541, section 2-7-1, X 200. 


Fic. 17. Photomicrograph showing a later stage in 
tracheoesophageal separation than that of figure 16. There 
jis evidence of necrosis in the central cells of the endo- 
dermal septum, and indentation of the external basement 
membrane is present. Various stages of tracheoesophageal 
separation can be seen in the same embryo as one progresses 
cranially in the region of the tracheoesophageal septum. 
Embryo no. 8119, section 3-4-7, X 400. 


Four photomicrographs of sections at comparable levels 
through the esophagus and trachea in horizons xv through 
xvii. All are shown at the same enlargement, 150. There is 
a progressive increase in the size of the lumen and in differ- 
entiation of the supporting structures of the trachea and esopha- 
gus. By horizon xviii, definitive mucosal, submucosal, and mus- 
cular layers can be seen in the esophagus. Atresia of the esopha- 
gus with a tracheoesophageal fistula would probably occur be- 


fore this stage of development. Note the large vagus nerves, 


the pulmonary arteries, and the aorta. From Streeter, 1945, 
plate 3, xv. 


Fic. 
Fic. 
Fic. 
Fic. 


18 
19 


20. 


Alo 


. Embryo no. 3512, section 12-4-6. 
. Embryo no. 6519, section 21-4-3. 
Embryo no. 6521, section 30-2-5. 
Embryo no. 4430, section 17-4-5. 
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Fic. 22. Model of the upper endodermal tract and cardiovas- 
cular system of the double monster described by Ysander. Both 
upper esophageal pouches end blindly. Fistulae can be seen 
connecting both tracheae with the lower esophageal pouches and 
common stomach. Drawing by Mary M. Cope from an illustra- 
tion in the original monograph. X 15. 

Fic. 23. Model of the endodermal tract of the Harvard 18.1- 
mm. human embryo with type HI0 atresia of the esophagus. The 
tenuous nature of the lower esophagus is shown. Copied from a 
photograph of the model made by Dr. Albert F. Boretti, which 
was given to the present author by the late Professor Frederick T. 
Lewis. 

Fic. 24. Photomicrograph showing a sagittal section through 
the respiratory and esophageal regions of the Harvard 18.1-mm. 
human embryo. The lumen of the blind upper pouch, the 
trachea, and the fistula to the lower esophagus can be seen. 
Note the degree of organization of the supporting structures 
about the esophagus and the trachea. In appearance this section 
is strikingly similar to the sagittal section in figure 15. (Harvard 
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Collection Series 1129, section 171, carried as Carnegie no. 9335.) 
From Ingalls and Prindle, figure 3. 

Fic. 25. Drawing of a model of the endodermal tract of the 
Yamasaki embryo. The blind upper esophageal segment is seen 
along with the aortic arches. The orientation of the lower eso- 
phageal segment toward the bifurcation of the trachea is quite 
clear, corresponding to the course of the lower segment in the 
type III atresia of the esophagus. The atretic region of the 
esophagus matches closely the narrow portion of the esophagus 
noted in figure 23. The small dorsal diverticulum from the 
trachea seen in figure 26 lies on the far side of the tracheal bi- 
furcation in this view. Drawing by Mary M. Cope from a model 
(Carnegie no. 8731) made at the Carnegie Institution, Depart- 
ment of Embryology, by Mary M. Cope and O. O. Heard from 
the sections of this embryo, lent by Dr. Yamasaki. 

Fic. 26. Photomicrograph of the Yamasaki embryo (Carnegie 
no. 8731, section 27-6), showing the diverticulum which arises 
from the dorsal side of the trachea at the site of its bifurcation. 
This diverticulum points toward the lower esophageal segment 
seen in figure 25. X 200. 
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THE ORIGIN AND DEVELOPMENT OF THE HUMAN 
EXTRINSIC OCULAR MUSCLES 


INTRODUCTION 


Few muscles in vertebrates have been more challeng- 
ing to the comparative anatomist than those that move 
the eyeball, yet, interestingly enough, few muscles have, 
during their evolution, remained more conservative. In 
all the vertebrates, the superior rectus, the medial rectus, 
the inferior rectus, and the inferior oblique are inner- 
vated by the oculomotor nerve, the superior oblique is 
supplied by the trochlear nerve, and the lateral rectus by 
the abducens nerve. A seventh eyeball muscle, the re- 
tractor bulbi, found in several groups of vertebrates, is, 
like the lateral rectus, supplied by the abducens nerve. 

The uniform appearance of these muscles throughout 
the different classes of vertebrates, and their consistent 
innervation, lead one to anticipate some uniformity in 
their pattern of development. Marked similarity has in- 
deed been found in elasmobranchs, reptiles, and birds, 
in which groups the eyeball muscles consistently arise 
from the walls of three pairs of head cavities or from 
homologous solid condensations. In these vertebrates, the 
four eyeball muscles innervated by the oculomotor nerve 
arise from the walls of the premandibular head cavity; 
the superior oblique arises from the walls of the man- 
dibular head cavity or from a homologous solid con- 
densation; and the abducens musculature arises, at least 
in part, from the hyoid head cavity or condensation. A 
comprehensive review of eyeball-muscle development in 
these groups may be found in the papers of Adelmann 
(1927), Edgeworth (1935), and Wedin (1949); specific 
groups have been treated fairly exhaustively by the fol- 
lowing: elasmobranchs, Balfour (1878), Dohrn (1904), 
Lamb (1902), Marshall (1881), Neal (1918), Platt (1891), 
Wedin (1949), van Wijhe (1883); reptiles, Filatoft 
(1907), Johnson (1913), Orr (1887), Wedin (19532); 


1The innervation of the extrinsic ocular muscles in certain 
cyclostomes is somewhat unusual in that the abducens nerve ap- 
pears to supply both the lateral rectus and inferior rectus muscles. 
P. Fiirbringer (1875) first noted this condition in the lamprey, 
Petromyzon marinus; his observations were subsequently con- 
firmed by M. Fiirbringer (1897), Corning (1900), and Cords 
(1929). Addens (1933) cleared up this apparent inconsistency 
when he showed that “the III nucleus of petromyzonts, in con- 
tradistinction to that of all other vertebrates, which is always 
single, consists of two widely separated divisions, viz., a large 
rostral part, situated at about the same place as the single 
nucleus in gnathostomes, and a small caudal part lying far 
backward, viz., at the caudal level of the V root.” The root 
arising from the caudal division of the III nucleus does not join 
that arising from the rostral division, but issues separately from 
the brain as a part of cranial nerve VI. Addens proposed, there- 
fore, the name “oculomotor-abducens” for this composite nerve of 
petromyzonts, and showed that the oculomotor portion in- 
nervates the inferior rectus whereas the abducens portion supplies 
the lateral rectus. 
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birds, Adelmann (1926, 1927), Rex (1900, 1905), Wedin 
(19530). 

As for the Metatheria, the eyeball muscles have been 
intensively studied embryologically in Trichosurus and 
other marsupials by Fraser (1915); Gilbert (1954) has 
investigated their early development in the opossum, 
Didelphys virginiana. In both Trichosurus and Di- 
delphys, the oculomotor muscles arise from the wall of 
a well defined premandibular cavity situated on each side 
of the head, whereas the superior oblique and the ab- 
ducens muscles are derived from distinct primordia 
which may be homologized with the mandibular and 
hyoid condensations of lower vertebrates. The extrinsic 
ocular muscles in marsupials thus arise from three sep- 
arate primordia, as they do in elasmobranchs, reptiles, 
and birds. 

In placental mammals, accounts of the ontogeny of the 
eyeball muscles have been conflicting and, until recently, 
incomplete. Basing their observations on relatively late 
stages of development, Reuter (1897) and Keil (1906) be- 
lieved that all the extrinsic ocular muscles of the pig 
arise from a single condensation of mesoderm adjacent 
and caudal to the optic stalk. LeSer (1925), after observ- 
ing early stages of the ground squirrel, bat, rabbit, dog, 
mouse, and guinea pig, concluded that the eyeball mus- 
cles of these mammals likewise originate from a single 
condensation on each side of the head. 

On the other hand, Corning (1899) found in rabbit 
embryos of 12 and 17 somites a solid pair of preman- 
dibular condensations arising from the prechordal plate, 
which he suggested are the source of the oculomotor 
muscles. He was unable to find in these early stages the 
primordia of the superior oblique and abducens muscles, 
but believed that they arise independently of those in- 
nervated by the oculomotor. Bonnet (1901) likewise 
found, in a 16-somite dog embryo, a pair of mesodermal 
condensations derived from a medial mass of cells at the 
anterior end of the notochord intimately associated with 
the roof of the preoral gut. Bonnet called these condensa- 
tions rudimentary head cavities (Kopfhéhlenrudimen- 
ten), but did not follow their fate. His illustration leaves 
no doubt that these masses are premandibular condensa- 
tions of prechordal-plate origin. 

The investigations of Corning and Bonnet suggested 
that an examination of mammalian embryos younger 
than those that were available to Keil and Reuter, and 
more critically studied than those of LeSer, might well 
reveal the true origin of the eyeball musculature in pla- 
cental mammals and, at the same time, determine 
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whether in this group the extrinsic ocular muscles arise 
from a single primordium or from three distinct but 
closely apposed primordia such as are found in elasmo- 
branchs, reptiles, birds, and marsupials. 

With this in mind, the author (Gilbert, 1947) ex- 
amined 225 cat embryos, in stages ranging from 10 
somites to 55 mm., and studied the origin and develop- 
ment of the extrinsic ocular muscles. It was found that 
the oculomotor muscles arise from a pair of preman- 
dibular condensations of prechordal-plate origin, and 
that the eyeball muscles innervated by the Vth and VIth 
nerves arise from separate condensations in the maxil- 
lomandibular mesoderm. It was concluded that “the 
origin, relations, and fate of the 3 condensations giving 
rise to the eye muscles in the cat indicate clearly their 
homology with the so-called premandibular, mandibular, 
and hyoid eye-muscle anlagen of lower vertebrates.” Is 
it possible that the eyeball muscles of other placental 
mammals, including man, follow a similar pattern in 
their development? 

References to the origin and development of the ex- 
trinsic ocular muscles in man are to be found in the 
texts of Mann (1928) and Wolff (1940). Mann states 
(p. 254) that “the eye muscles in man seem, at their earli- 
est stage, to be represented by a single undifferentiated 
mass. The earliest trace of these muscles in man can be 
seen at 7 mm. when they are represented by a massed 
condensation in the paraxial mesoderm surrounding the 
optic vesicle.” Wolff reaches a similar conclusion, re- 
porting that the primordia of the human eyeball muscles 
at first “form one mass which Lewis (1910) found was 
supplied by the 3rd nerve only. Later (at 9 mm.) when 
the 4th and 6th nerves enter, this mass divides into 
separate muscles.” 

To the author’s knowledge, Lewis (1910) was the first 
investigator to study and describe the early development 
of the human extrinsic ocular muscles. Unfortunately, 
only a limited number of human embryos was available 
to him when he made his study; for this reason he was 
unable to investigate the very early stages, which would 
have thrown more light on this problem. Lewis’ widely 
quoted statement concerning the origin of the eyeball 
musculature in man is as follows: 


It has commonly been assumed that the muscles of the 
orbit are derived from anterior head somites; the first somite 
giving rise to the Mm. levator palpebrae superioris, rectus 
superior, rectus internus, rectus inferior, and obliquus in- 
ferior, supplied by the N. oculomotorius; the second, to M. 
obliquus superior, supplied by the N. trochlearis; and the 
third, to the M. rectus lateralis, supplied by the N. abducens. 
Anterior head somites have, however, never been observed 
in man or mammals. Zimmermann (1898) [actually, 1899, 
P.W.G.] observed in a 3.5-mm. embryo several small head 
cavities in the region where later the eye muscles develop. 
It is uncertain even that they represent rudimentary head 


somites, and no connection has been established between 
them and the eye muscles. On the contrary, the observa- 
tions of Reuter (1897) on the pig and my own observations 
on human embryos, which follow here, show that all the eye 
muscles arise from a common premuscle mass, which oc- 
cupies, both in the pig and in man, the same general position 
in the early embryo. This common premuscle mass is first to 
be recognized in human embryos of about 7 mm. in length 
(fig. 367). It consists of a lens-shaped mass of condensed 
mesenchyme, outlined from the surrounding mesenchyme 
by a capillary network over its surface. This premuscle mass 
lies dorsal to the optic stalk, between it and the ganglion 
Gasseri, and medial to the optic cup. The N. ophthalmicus 
passes in front of and lateral to the mass, and the N. maxil- 
laris behind and lateral to it. At this stage only the N. 
oculomotorius enters the anterior end of the muscle mass. 
The Nn. trochlearis and abducens do not appear until later. 

In a 9-mm. embryo the eye premuscle mass occupies much 
the same position as in the earlier stage, lying on the dorsal 
side of the optic stalk and medial to the N. ophthalmicus and 
maxillaris (Figs. 368, 369). It has enlarged somewhat and 
extends along the caudal side of the optic stalk. It also be- 
gins to show cleavage into separate muscle masses, each 
supplied by its respective nerve. The N. trochlearis now 
enters the anterior portion of the mass which later forms the 
rudiment of the M. obliquus superior. The N. abducens en- 
ters the caudal end of the mass, which has begun to extend 
out along the path of the nerve and also shows indications 
of separation from the rest of the mass which lies closer to 
the optic stalk and into which the N. oculomotorius runs. 
The muscle mass at this stage has no very distinct attach- 
ment either to the precartilage or to the sclera, but there 
exists a direct continuity with the mesenchyme from which 
these structures differentiate. 

In an 11-mm. embryo the premuscle mass has still farther 
enlarged and partially split into the rudiments supplied by 
the three nerves. The anlagen lie on the dorsal and caudal 
sides of the optic nerve and for the most part medial to the 
eyeball (Figs. 370, 379). They are continuous laterally with 
the primitive sclera, which is now beginning to form as a 
definite condensation of the mesenchyme about the eyeball, 
and medially with the precartilaginous tissue about the optic 
nerve. The M. rectus lateralis has extended farther out along 
the path of the N. abducens and has as yet no skeletal at- 
tachment. The N. ophthalmicus passes above these muscle 
masses and nearly at right angles to them. 

As differentiation progresses the muscle mass of the N. 
oculomotorius gradually extends around the optic nerve and 
splits into the various muscles supplied by this nerve. In a 
14mm. embryo all the orbital muscles are to be distin- 
guished and have nearly the adult relations to the bulbus 
oculi. The M. obliquus inferior, however, does not com- 
pletely separate off from the M. rectus inferior until a later 
stage. 


Recently, in a doctoral thesis, Carnicer (1950) described 
the origin and development of the extrinsic ocular mus- 
cles of three placental mammals, Lepus, Mus, and Homo. 
He believes that mesenchymal thickenings, the primor- 
dia of the eyeball muscles, arise in situ about the distal 
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ends of cranial nerves III, IV, and VI, and is of the opin- 
ion that the nerves in some way are responsible for the 
appearance of the eye-muscle primordia. He ignores the 
fact that the eye-muscle primordia in both cat and man 
are evident before the cranial nerves III, IV, and VI 
make their appearance. Although he does not state 
clearly the number of mesenchymal thickenings, he gives 
the impression that there is but a single mass on each 
side of the head which thickens unevenly to form the 
eye-muscle primordia. 

Carnicer’s conclusions are based on an examination of 
the following material: Lepus (6 specimens: 10, 11, 11 to 
13, 13, 15, 15 to 18 days), Mus (6 specimens: 10, 12, 12, 
15, 16, 16 to 17 days), Homo (4 specimens: 2 to 4 weeks, 
5 to 6 weeks, 2 months, 3 to 4 months). The youngest 
human embryo he examined appears to belong to late 
horizon xiv or early horizon xy, for the lens vesicle has 
nearly closed off from the surface ectoderm. Insufficient 
data are given for the other human embryos to permit 
assignment to a specific horizon, but, from their condi- 
tion, it must be concluded that two and possibly all three 
are much too old to be of value in reaching any conclu- 
sions as to the origin and early development of the eyeball 
musculature. Even the youngest human embryo he ex- 
amined, belonging to horizon xiv to xv, hardly provides 
an acceptable starting point for such a study. Moreover, 
the paucity of material with which Carnicer worked, not 


only in man, but also in the mouse and rabbit, would pro- 
vide a serious handicap even for an experienced investi- 
gator. It is not surprising, therefore, that Carnicer’s 
study does little to elucidate the early ontogeny of the 
mammalian eyeball musculature. 

It should be remembered that the observations of 
Lewis (1910) and Carnicer (1950) on the eyeball muscles 
of man, like those of Reuter (1897) and Keil (1906) on 
the eye muscles in the pig, were made on embryos be- 
longing to relatively late stages of development. The 
present study, based on a younger and much more ex- 
tensive series of human embryos than was available to 
Lewis and Carnicer, reveals that: (1) transitory head 
cavities do exist in a premandibular condensation on each 
side of the head, and that this condensation subsequently 
gives rise to the extrinsic ocular muscles innervated by 
the oculomotor nerve; (2) the premandibular condensa- 
tions are formed by cells proliferated from the prechordal 
plate; (3) the superior oblique and lateral rectus muscles 
arise from separate primordia adjacent to the preman- 
dibular condensations; (4) the eyeball muscles in man, 
therefore, do not arise from “a common premuscle mass,” 
but rather from three separate primordia on each side 
of the head; (5) the development of the extrinsic ocular 
muscles in man follows a pattern which conforms in 
essential features with that found in elasmobranchs, 
reptiles, birds, marsupials, and the cat. 
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MATERIAL AND METHODS 


The material for this study consisted of approximately 
too human embryos (table 1), ranging in size from pre- 
somite to 32+ mm. All the embryos belong to the col- 
lection of the Department of Embryology, Carnegie 
Institution of Washington. The fact that these embryos, 
largely through the efforts of the late Dr. George L. 


Streeter, are arranged in the collection according to their 
developmental age (horizon) contributes immeasurably 
to the ease and efficiency with which a study of this kind 
can be pursued.’ Paper, plastic, and plaster reconstruc- 
tions of important stages in the development of the 
eyeball muscles were made. 


THE PRECHORDAL PLATE AND THE ORIGIN OF THE PREMANDIBULAR CONDENSATIONS 


-In most, and possibly all, fishes, amphibians, reptiles, 
and birds, the eyeball muscles innervated by the oculo- 
motor nerve arise from mesoderm derived from the pre- 
chordal plate. Parker (1917) found this to be true in 
marsupials also, and the author has pointed out the sig- 


nificance of the prechordal plate in this connection in the 
cat (Gilbert, 1947) and opossum (Gilbert, 1954). An 
understanding of the prechordal plate is, therefore, of 


?For a description of horizons xi to xxiii, consult Streeter 
(1942, 1945, 1948, 1951). 
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TABLE 1 


HUMAN EMBRYOS OF THE CARNEGIE COLLECTION UTILIZED IN STUDYING THE 
DEVELOPMENT OF THE EXTRINSIC OCULAR MUSCULATURE 


Somites, or Somites, or 
crown- crown- 
Approxi- rump Thickness Approxi- rump Thickness 
k mate age Embryo length Plane of of sections mate age Embryo length Plane of of sections 
Horizon (days) number (mm.)* section f (microns) Horizon (days) number (mm.)* section } (microns) 
Dea thes Leap us AE 2241 4216 (7) aT 15 6511 8.1 S 10 
5074 (10) ae 10 6513 ee, F 10 
xi eae eee 441 2053 (20) T 10 6516 10.5 s 8 
4529 (14) T 10 6517 10.5 alt 8 
6050 (19) FT 10 om ee T 10 
63440 (3)—i—(iésT 6 ie oh a Mp 
sos) : on 10 
. S02 10D 2 8 
Xi lees sees 26+1 ee (21) ar 10 8179 11.9 EF 10 
- aA 
ee i. os ss 7 RViii sake. 35+1 6258 140 ar 10 
6631 13.0 F 10 
Ta ee) f 10 8118 12.6 F 10 
aa (py 10 
7724 ca. (29) S 8 SAMs oo b0 0065 37+1 1909 14.6 F 20 
ie | (CB) 9 a 10 4430 13.4 T 15 
7999 ca. (28) T 10 6522 Be F 10 
8505A (24) a 8 6524 11.7 Th 10 
8505B (23) S 8 6528 13.4 F 8 
uieeereeD 27 £1 463 3 10 Cou exo U0 
6533 WAS) Sih 10) 
588 4.0 F 15 
8097 15.5 T 10 
oe Seal "oie 4 923 140 § 10 
6473 5.0 F 6 i 
7433 52 F 8 Babe Be Blo bos He 39+1 409 18.0 aD 20 
7618 48 F 10 1390 18.0 S 20 
8119 3 a 8 5609 18.0 F 25 
8239 4.3 S 8 6824 18.5 S 12 
8581 4.8 S 8,10 ive ee 4141 431 19.0 S 20 
X1VpRE ee kes 29+1 1620 6.6 S 20 4059 21.6 F 15 
6428 7.0 F 6, 10 6202 21.0 S 20 
6500 49 S 10 6426 21.5 ly 20 
6503 6.3 F 10 8157 20.8 F 20 
6830 3.9 F 8 sd gee 4341 4960 22.0 T 15 
cee 78 4 10 7254-225 7 20 
7394 7.2 T 8 7392 «20.7 i 20 
8141 7.3 F 8 8553 —-22.0 it 12 
conto ae vel ee oe z 10 este Se 45+1 4304 25.0 T 20 
810 70 S 20 4339 24.5 a 15 
1006 9.0 if 20 6701 24.0 F 20 
1091 72 F 20 8304 25.3 T 20 
3385 8.3 T 20 a 
4602 93 S 15 POM oes odas 47 +1 4289 32.2 ae 15, 20 
6506 75 F 10 4525 30.0 S 20 
4570 30.7 at 15 
XVIE aa Ares 3341 163 9.0 T 20 5154 32.0 T 20 
617 7.0 iT 15 5725 23.0 F 25 
nee ne 2. 20 7425 27.0 F 20 
d 10 
6507 9.0 F 8 Unclassified... ca.9 weeks 5017 Sap) S 40 
6509 8.1 F 10 Unclassified... ca.9 weeks 9226 31.0 T 10 


* Number of somites given in parentheses. 
+ T, transverse; F, frontal; S, sagittal. 
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paramount importance in ascertaining the origin of the 
oculomotor eyeball musculature. 

The prechordal plate is a median mass of cells, located 
at the anterior end of the notochord; it appears in early 
embryos as an integral part of the roof of the foregut. 
From it, prechordal mesoderm is proliferated laterally. 
According to Adelmann (1922), it is to be regarded as 
“an essentially mesodermal structure” which participates 
in the marked bilateral growth of the embryonic head. 
“The extent to which this bilateral growth occurs and 
the stage of development at which it is initiated,” Adel- 
mann believes, “probably differs to some extent in dif- 
ferent forms, and this may account for the variations 
in the extent to which the prechordal plate is developed 
in various forms. Marked bilateral growth occurring 
early in development would cause a less noticeable medial 
accumulation of material anterior to the notochord. 
This may possibly account for the poorly developed 
prechordal plate which has been described in mammals.” 

The prechordal or prochordal plate has been described 
by Heuser (1932) in a presomite human embryo (no. 
5960) having an ovulation age of approximately 18 days. 
Traced forward from the anterior end of the notochord, 
the plate, according to Heuser, “is found to gradually in- 
crease in thickness until in its middle portion as many 
as eight rows of nuclei can be counted. However, the 
dorsal surface is very irregular, since cells are being given 
off to the surrounding tissue and some of them should no 
doubt be classified as mesodermal cells.” One would 
surmise, therefore, that the prechordal plate has, at this 
early stage, already begun to proliferate prechordal meso- 
derm. Heuser further noted that the plate “becomes 
thinner and broader in the anterior part; in the first six 
sections it is composed of two layers of cells. The front 
end of the prochordal [prechordal] plate can be definitely 
located in section 205, since in front of it the entoderm 
abruptly changes to a layer of one cell thick. Sections 
through the plate, especially in its middle portion, show 
irregular outlines with bulgings from the ventral sur- 
faces into the cavity of the yolk-sac. Ridges and grooves 
thus appear on the ventral surface of the plate.” 

Until more material is available that is sectioned and 
stained to show the prechordal plate clearly, it will not 
be possible to follow in detail its cytological development 
in the human embryo. Glimpses of what is going on in 
this area may be obtained, however, by examining the 

$ Several investigators have confused the prechordal plate with 
an extensive area of endoderm (and mesoderm?), known as the 
protochordal plate, located at the anterior end of the notochord of 
early embryos which develop from yolk-rich eggs or eggs which 
behave as if they were yolk-rich. Some workers have employed 
the term prochordal plate for protochordal plate, whereas others 
have used it in a more restricted sense as a synonym for pre- 
chordal plate. A discussion of the difference between prechordal, 
prochordal, and protochordal plate lies beyond the scope of this 


paper; the subject has been treated by Parker (1917), Hill and 
Tribe (1924), and Adelmann (1922, 1926). 


prechordal region of human embryos ranging from 7 
to 20 somites. 

In a 7-somite human embryo (no. 4216), the youngest 
examined in this study, the neural folds have met in the 
region between somites 3 and 7; otherwise, the central 
nervous system is widely open dorsally, and the trough- 
like brain has differentiated into three primary divisions. 
The head is slightly bent in the region of the midbrain 
so that the forebrain is directed toward the yolk sac. The 
optic sulcus is just beginning to form, and traces of the 
otic plate can be seen. The heart, the dorsal aorta, and 
the first pair of aortic arches have appeared. Only in the 
region immediately ahead of the primitive streak does 
the notochord exist as an independent structure, lying 
between the floor of the neural tube and the endoderm 
of the gut roof. Anterior to this region the notochord 
appears as a thickened plate of cells on the dorsal wall 
of the gut. 

The prechordal plate of this 7-somite embryo was first 
noted by Payne (1925), who described it as “a thickened 
mass of cells continuous dorsally and posteriorly with 
the notochord, and extending caudally along the ventral 
surface of the gut for a short distance. Dorsally, it is in 
contact with the ectoderm of the neural groove but is 
not fused with it.” The author has verified the presence 
of this mass of cells, 15 to 20 in number, and is in full 
agreement with Payne’s interpretation. The structure 
Payne describes corresponds closely to the prechordal 
plate from which prechordal mesoderm is proliferated in 
slightly older embryos. 

As development proceeds, the cephalic flexure in the 
region of the midbrain becomes more and more pro- 
nounced, so that, in embryos with 10 to 13 somites, the 
long axis of the forebrain forms a right angle with that 
of the hindbrain. Concomitantly with the bending of 
the brain, the prechordal portion of the roof of the fore- 
gut in contact with the brain is bent ventrally, the 
prechordal plate becoming vertical in the process. Tran- 
sections through this region of the head are, therefore, 
most unfavorable for observing the prechordal plate at 
this stage, since it appears in only one or two sections 
between the ventral (now posteriorly directed) floor of 
the forebrain and the lumen (originally dorsal) of the 
foregut. This is probably one reason why the prechordal 
plate of young mammalian embryos has so often been 
overlooked. In the 1o-somite embryo (no. 5074), for 
example, the prechordal plate appears in two 10-micron 
sections only, crowded in between the floor of the fore- 
brain and the anterior wall of the foregut (fig. 3, pl. r). 
Posteriorly, the prechordal plate is continuous with the 
notochord, which is still embedded in the roof of the gut 
throughout most of its length. At this stage, the pre- 
chordal plate consists of about 35 to 4o cells. These cells 
can be clearly delimited from the forebrain anteriorly, 
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but not from the cells that will ultimately line the roof of 
the foregut. Determination of the caudal limit of the 
prechordal plate is also difficult, for the cells blend 
imperceptibly with the tip of the notochord. 

With its expansion restricted by the floor of the fore- 
brain, the prechordal plate, of necessity, can proliferate 
prechordal mesoderm only laterally over the “knee” of 
each aorta. For a short time the prechordal mesoderm 
appears as a thin lamina of cells anterior to the first 
aortic arch of each side. As more and more prechordal 
mesoderm is proliferated, it forms a globular mass of 
cells cranial and lateral to the “knee” of each aorta. 
These masses of prechordal mesoderm are known as the 
premandibular condensations; they abut against the 
maxillomandibular mesoderm laterally, and from the be- 
ginning are connected with each other across the mid-line 
by a thin lamina or bridge of mesodermal cells of pre- 
chordal-plate origin. The development of the preman- 
dibular condensations in the human embryo is illustrated 
schematically in figure 1. 

A pair of small premandibular condensations first 
appears in human embryos of 14 somites between the 
“knee” of the aorta and the floor of the forebrain (fig. 6, 
pl. 1). As development proceeds, and an internal carotid 
artery grows forward from the “knee” of each aorta, the 
premandibular condensations, connected by a narrow 
bridge of prechordal mesoderm, increase in size and oc- 
cupy a position above and external to each internal 
carotid artery. By the 19-somite stage (figs. 7, 8, pl. 1), 
each premandibular condensation is well developed and 
occupies a position adjacent and lateral to the internal 
carotid artery, and somewhat above and medial to the 
optic vesicle. Laterally, the premandibular condensa- 
tions abut against, and almost imperceptibly blend with, 
the maxillomandibular mesoderm; medially, they remain 
joined across the mid-line by a solid transverse bridge of 
cells. 

In the stage that immediately follows (20 to 30 so- 
mites), lateral expansion of the head in this region 
continues, and the premandibular condensations enlarge. 
During this period of rapid growth of the head as a 
whole, small epithelium-lined spaces, the head cavities, 
appear in the premandibular condensations. It is re- 
markable that, of all the placental mammals that have 
been thus far studied, man is the only one in which 
premandibular head cavities have been found. Their 
origin, structure, and fate in the human embryo are, 
therefore, of special interest. 

In this study, head cavities were observed in a total 
of ten human embryos belonging to horizons xii, xiii, and 
xiv (table 2). Nine of the embryos belong to horizon 
xii or xiii and range in size from 24 somites to 5.2 mm.* 

4 Two of these embryos were not mentioned by Gilbert (1952), 


for they were added to the collection in 1954. They are nos. 
8505A (24 somites) and 8581 (4.8 mm.). 


An embryo of 28 somites (no. 7999), belonging to hori- 
zon xii, about 26 days of age, may be considered as rep- 
resentative. In this embryo (figs. 32, 33, pl. 8), three small 
cavities appear in the premandibular condensation of 
the right side, and one somewhat larger head cavity is 
located in the left premandibular condensation. The 
lumen of this last cavity is about equal in diameter to the 
height of the single layer of columnar epithelial cells 
surrounding it, and occupies a position in the preman- 
dibular condensation about 40 microns above the internal 
carotid artery. The entire head cavity, including its wall 
of radially arranged columnar epithelial cells, measures 
about 40 microns by 45 microns, and is only slightly 
greater in diameter than that of the internal carotid 
artery at this level. The three head cavities located along 
the upper cranial border of the right premandibular 
condensation of embryo no. 7999 are arranged in an 
oblique row which parallels the floor of the forebrain. 
The most caudal and medial of the three head cavities 
on this side has the largest lumen, and, like its somewhat 
larger fellow on the left, is situated about 40 microns 
above the internal carotid artery. 

In certain embryos, for example no. 7724, the ventral 
wall of a head cavity may actually abut against the dorsal 
wall of the internal carotid artery (fig. 27, pl. 7). In 
others, for example no. 8239, a small head cavity is found 
some distance (about 30 microns) medial to the internal 
carotid artery in the tapered medial end of the preman- 
dibular condensation near its junction with the bridge. 
For the most part, however, head cavities, when present, 
are situated in the premandibular condensation above 
or lateral to the level of the internal carotid artery. A 
glance at table 2 reveals no uniformity in their location 
or number, and they have been as frequently encountered 
on the right side of the head as on the left. 

The head cavities in the human embryo are never as 
large as those in many reptiles and birds. They resem- 
ble very closely, however, early stages in the development 
of these structures in both the turtle and the chick; that 
is, they appear as small isolated lumina, lined with 
cuboidal or columnar epithelium, in the premandibular 
condensations. In reptiles and some birds, it will be re- 
called, the separate lumina eventually coalesce to form 
one or more larger cavities on each side, from the walls 
of which the oculomotor eyeball muscles presently arise. 
But, in man, no such fusion of separate lumina to form a 
large single cavity has been observed. 

It cannot yet be stated whether head cavities develop 
in the premandibular condensations of all human em- 
bryos. Certainly many of the embryos belonging to 
horizons xii and xiii in the Carnegie Collection do not 
possess them. Although it is possible that these embryos 
never did have, or never would have developed, head 
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cavities, it is more likely that cavities do form with some 
regularity in embryos of horizons xii and xiii, last but 
a few hours, and then become crowded out by the rapid 
multiplication of cells in the premandibular condensa- 


tions. It is probable, therefore, that the head cavities 
vanish as suddenly as they appear, and by the time the 
human embryo reaches its 30th day no trace of these 
transient structures can be found. 


TABLE 2 
HUMAN EMBRYOS OF THE CARNEGIE COLLECTION DEMONSTRATING HEAD CAVITIES 
Plane of Head cavi- Headcavi- Total head 

Horizon Embryo no. Size of embryo section * ties, right ties, left cavities Slide, row, section 
Sd TUE acs a eee urceeeeRE es. 4736 26 som. F 1 2 3 DSS, A Dy G5 7 
Xi thee Aneta meee 6097 25 som. ‘a 0 il 1 1-4-2 
Saline enanmeriha Tad wi eee 7724 ca. 29 som. S 1 4 5 PANG, B, We AS-i, 
Sa La sae eI Pua a ME 7999 ca. 28 som. T 3 1 4 Balti, WA 
SUTRA RM RNS. Ae. EDR UR 8505A 24 som. ar 0 1 1 MA9% Sllell 
Pie sortase purging ta mig. 463 3.9 mm. F 1 0 1 S25, & 7 
LOTR ety MA en Pn es MRR ee 7433 5.2 mm. F 3 1 4 RBM Selle, 2 
STEHT HR a me ETN re Ne 8239 4.3 mm. S 1 1 2 MBS Balls} 
SUT haiespswtinea aati ee cts 8581 4.8 mm. S 1 1 2 1-64; 2-44 
VE ee AEE 6830 5.5 mm. F ! 0 | 4-3-1, 2, 3 


* F, frontal; S, sagittal; T, transverse. 


THE MAXILLOMANDIBULAR MESODERM 


In embryos belonging to horizon xi, a diffuse mass of 
mesenchymal cells, situated just beneath the surface ecto- 
derm at the upper end of the mandibular arch and maxil- 
lary process, can be distinguished. For convenience, this 
mass is referred to as the maxillomandibular mesoderm. 
Part of its medial surface adjoins the developing pre- 
mandibular condensation; anteriorly, it crowds against 
the optic vesicle, and ventrally it is continuous with the 
somewhat denser mesoderm of the mandibular arch. At 
this stage a prominent cephalic flexure exists in the region 
of the midbrain, so that the forebrain forms an angle of 
about 90° with that of the hindbrain. It is important to 
bear in mind that at this time the maxillomandibular 
mesoderm crowds against the caudal surface of the optic 
vesicle that is evaginating from the cephalic end of the 
forebrain. As development proceeds (horizon xii), the 
cephalic flexure becomes more prominent, and the angle 
formed by the long axis of the forebrain with that of the 
hindbrain becomes more acute (see Streeter, 1942, p. 241, 
fig. 7). During this period the maxillomandibular meso- 
derm becomes more compact; because of the ventral rota- 
tion of the forebrain, its cranial end now lies adjacent to 
the dorsocaudal surface of the optic vesicle (figs. 30, 31, 
pl. 7). 

The cephalic flexure continues to increase in promi- 
nence in embryos of horizon xiii; from the dorsocranial 
border of the maxillomandibular mesoderm an arm of 
cells extends forward over the optic vesicle. Since the 
head is expanding rapidly in this region, the arm of 
maxillomandibular mesoderm above the optic vesicle 
keeps pace and moves laterally as well as cranially. The 
caudal portion of the maxillomandibular mesoderm, ly- 
ing in a region expanding less rapidly, curves, therefore, 
into a plane lying medial to its cranially directed arm. 


The position of the maxillomandibular mesoderm rela- 
tive to the optic vesicle and premandibular condensation 
at this stage is illustrated schematically in figure 1. 

In embryos belonging to late horizon xiii, a condensa- 
tion appears in the caudal and more medial portion of 
the maxillomandibular mesoderm, medial to the Gas- 
serian ganglion and vena capitis medialis. A homologous 
condensation found in cat embryos at a comparable stage 
of development has been termed the VIth condensation, 
and from it arise the retractor bulbi and lateral rectus 
muscles, both innervated by cranial nerve VI. Since man 
lacks a retractor bulbi muscle, this condensation in the 
human embryo will be referred to as the lateral rectus 
primordium. Anteriorly, this condensation abuts against 
the premandibular condensation, and at later stages is 
very difficult to delimit from it. 

Shortly after the primordium of the lateral rectus be- 
comes established, a second condensation appears in the 
maxillomandibular mesoderm. This condensation, the 
primordium of the superior oblique, is first observed in 
embryos of horizon xiv in the cranial arm of maxillo- 
mandibular mesoderm that has extended forward above 
the eye. It is somewhat smaller and less dense than the 
lateral rectus primordium, and occupies a position be- 
tween the vena cerebralis anterior and the dorsocranial 
surface of the optic cup. Situated between the Gasserian 
ganglion and optic cup, and lateral to the bifurcation in 
the vena capitis medialis, a more diffuse mass of meso- 
dermal cells connects the condensations for the superior 
oblique and lateral rectus muscles. This mass of cells, 
which Fraser (1915) has termed the “intermediate mass” 
in Trichosurus and Adelmann (1927) the “intermediate 
region” in the chick, abuts medially against the preman- 
dibular condensation and is continuous ventrally with 
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the denser mesoderm of the mandibular arch. These 
relations are illustrated schematically in figures 1 and 2. 

While the superior oblique and lateral rectus primordia 
are increasing in density, the intermediate mass adjacent 
to the caudal surface of the optic cup spreads forward 
above and below the outer margin of the eye, beneath 
the surface ectoderm. In this mesoderm around the 
periphery of the optic cup there appear in older embryos, 
belonging to horizon xiv, four faint condensations, each 
approximately equal in diameter to that of the lens 
vesicle, which is in the process of invagination. ‘These 
peripheral condensations, first described by the author 
(Gilbert, 1947) in the cat, and termed the superior, an- 
terior, inferior, and posterior peripheral condensations, 
are believed to contribute to the formation of the scleral 
coat of the eye, and they mark the points of insertion on 
the sclera of the four rectus muscles which, at a later 
period, grow out into them. The peripheral condensa- 
tions in the human embryo are less dense than in the 
cat, and are most readily observed in parasagittal sections 
through the eye in embryos belonging to horizons xv, 
xvi, and xvii. The position of the four condensations 
relative to the eye and the superior oblique primordium, 
in embryos of horizons xv and xvi, is illustrated in figures 
2, 52 (pl. 11), and 53 (pl. 11). Because of the lack of 
material suitably sectioned and the lack of density of 
those condensations in the human embryo, their fate 
could not be followed as clearly as it was in the cat. 
However, since in the time of their appearance and in 
their location relative to the periphery of the optic cup 
they agree with the similar condensations found in the 
cat, we may assume that they probably have the same 
fate. 


Before discussing the subsequent development of the 
lateral rectus and superior oblique muscles, the relation 
of these two eye-muscle primordia to the premandibular 
condensation (from which the oculomotor eyeball mus- 
cles develop) in the human embryo and in other verte- 
brates deserves comment. There is a striking similarity 
in these three separate and distinct eyeball-muscle primor- 
dia at this stage of development (lens vesicle invaginating 
and closing off or closed off from surface ectoderm) in 
mammals, birds, reptiles, and elasmobranchs. The pre- 
mandibular condensations of the mammal are directly 
comparable to the premandibular head cavities of birds, 
reptiles, and elasmobranchs. In all groups, a solid trans- 
verse band or hollow cross canal at first connects the 
premandibular condensation or cavity of the right side 
with its fellow on the left. This transverse connection 
passes above the internal carotid arteries and across the 
confined area between the cranial tip of the notochord 
and the floor of the forebrain. The maxillomandibular 
mesoderm, exclusive of the lateral rectus primordium, is 
similar with respect to location and fate to the man- 
dibular head cavity or homologous condensation of 
birds,® reptiles, and elasmobranchs. Finally, the VIth 
condensation of the cat or lateral rectus primordium of 
man has its counterpart in the hyoid cavity or condensa- 
tion in the embryonic head of lower vertebrates. In both 
cat and man, this eyeball-muscle primordium, in its rela- 
tions to the eye, first pharyngeal pouch, Gasserian gan- 
glion, superior oblique primordium, and premandibular 
condensation, bears a conspicuous resemblance to the 
hyoid condensation of birds and the hyoid head cavity of 
reptiles and elasmobranchs. 


THE DEVELOPMENT OF THE LATERAL RECTUS 


The earliest primordium of the lateral rectus, it will 
be recalled, is situated caudal and slightly dorsal to the 
premandibular condensation and medial to the maxillary 
division of the Gasserian ganglion in embryos belonging 
to horizon xiii. Although poorly defined in embryos of 
this horizon, the lateral rectus condensation quickly in- 
creases in density, and in several embryos of horizon xiv 
it is easily recognized. Its shape is roughly ovoid; its 
long axis extends cephalocaudally; and its total volume 
is approximately one-third that of the premandibular 
condensation. As development proceeds (horizon xv), 
the lateral rectus condensation, while retaining its con- 
fluence with the intermediate mass of the maxilloman- 
dibular mesoderm, increases in density and size as it 
swings craniolaterally across the dorsocaudal surface of 
the premandibular condensation, through the fork in the 
vena capitis medialis formed by its bifurcation into the 
vena cerebralis anterior and the vena orbitalis inferior. 
The abducens nerve, which has emerged by several root- 
lets from the floor of the hindbrain, extends forward 


ventrally and laterally, and penetrates the dorsocaudal 
surface of the lateral rectus condensation. The ophthal- 
mic nerve has, in the meantime, become conspicuous 
above, and cranial to, the distal end of the lateral rectus 
condensation; the maxillary nerve now extends ventrally 
behind the distal end of the condensation into the maxil- 
lary process. Medially, a portion of the lateral rectus con- 
densation appears to be confluent with the premandibular 
condensation, and, were it not for the fact that the oculo- 
motor nerve, which has grown ventrally from the mid- 
brain, now passes between the premandibular and lateral 


5 Variation exists among vertebrates as to which end of the 
superior oblique primordium grows medially and eventually at- 
taches to the orbital wall. In Chelydra (Johnson, 1913), the 
cranial end of the superior oblique primordium swings medially 
during development and eventually attaches to the orbital wall. 
On the other hand, in Torpedo (Wedin, 1949), chick (Adel- 
mann, 1927), Ardea (Wedin, 19530), Trichosurus (Fraser, 1915), 
cat (Gilbert, 1947), and man, the caudal end of the superior 
oblique primordium grows medially to gain insertion on the wall 
of the orbit, whereas the cranial end eventually inserts on the 
sclera. 


Horizon XIL 
Age: 27 £1 days 


Horizon XIW 
Age: 29 ¢ I days 


Horizon XII 
Age: 27 £1 days 


Horizon XIV 
Age: 29 21 days 


Horizon XML 
Age: 27+ | days 


——— 
1 mm. | mm 
Cc F 


Fic. 1. Diagrams, based on reconstructions of embryos of horizons xiii and xiv, illustrating the relations of the maxillomandibular 
mesoderm (figs. A, D) and the premandibular condensation (figs. B, E) to the brain, eye vesicle, Gasserian ganglion, and mandibular 
arch. Figures C and F represent transections through the brain of embryos of horizons xiii and xiv respectively at the levels indicated 
in figures A and D; the maxillomandibular mesoderm and premandibular condensation have been superimposed on the left side; the de- 
veloping eye is illustrated on the right side of each transection. 

_ In embryos of horizon xiii a prominent pear-shaped premandibular condensation (p. c.) is situated dorsal and caudal to the medial 
surface of each optic vesicle and is in contact laterally with the maxillomandibular mesoderm (m. m. m.). The rapid expansion of the 
head anterior to the end of the foregut, in embryos of horizons xi and xii, is reflected not only in the growth of the premandibular 
condensations but also in the lateral movement of the maxillomandibular mesoderm above the expanding optic vesicles, so that in em- 
bryos of horizon xiii the caudal portion of the maxillomandibular mesoderm, situated in a region which has expanded less rapidly, lies 
in a plane some distance medial to its cranial portion above the eye. 

In embryos of horizon xiv, a small process, the primordium of the superior rectus (s. r.), extends forward and outward from the 
dorsolateral border of the premandibular condensation. The primordium of the superior oblique (s. 0.) and that of the lateral rectus 
(7. r.) have appeared as condensations in the cranial and caudal portions of the maxillomandibular mesoderm respectively, and are con- 
nected by a more diffuse area of maxillomandibular mesoderm known as the intermediate mass (int.). 
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rectus condensations, it would be difficult, if not impos- 
sible, to distinguish one condensation from the other. 
It is not surprising, therefore, that earlier investigators, 
when examining embryos of this and older stages, failed 
to distinguish the two condensations and believed them 
to be one. 

In embryo no. 3385, a typical representative of horizon 
xv, the lateral rectus condensation is well defined, and 
its relation to the premandibular condensation, principal 
nerves, and blood vessels of the head is readily ascer- 
tained. The caudal and more medial end of the conden- 
sation is situated midway between the internal carotid 
artery and that portion of the vena capitis medialis which 
lies adjacent and medial to the root of the maxillary 
nerve. A few sections cranial to its caudal end, the lateral 
rectus condensation receives the abducens nerve, and 
from this point proceeds cranially and laterally along the 
dorsocaudal face of the premandibular condensation, 
from which it is separated for a short distance by the 
oculomotor nerve, and thence laterally in front of the 
fork in the vena capitis medialis into the diffuse “inter- 
mediate mass” of maxillomandibular mesoderm. To 
what extent this mass, situated between the roots of the 
ophthalmic and maxillary nerves, participates in forming 
the distal end of the lateral rectus is difficult to ascertain. 
At horizon xv the “intermediate mass” is less dense than 
the medial portion of the lateral rectus condensation, and 


is so situated that the lateral rectus condensation would 
have to grow through it in the next few days, or receive 
a contribution from it, before reaching the eyeball. In the 
cat, it was concluded that the latter phenomenon takes 
place, and, from the limited material at hand for horizon 
XV, it appears probable that the “intermediate mass” 
makes some contribution to the distal end of the lateral 
rectus in man also. 

By horizon xvi, the lateral rectus condensation is sufhi- 
ciently dense to be traced from its caudomedial extremity 
forward and laterally in front of the fork in the vena 
capitis medialis to the posterior peripheral condensation 
on the outer margin of the optic cup (figs. 47-50, pl. 10). 
The relation of the lateral rectus condensation at subse- 
quent stages (horizons xvii, xix, xxiii) to the other eye- 
muscle primordia, the eyeball, and the ophthalmic and 
maxillary nerves is illustrated in plates 4, 5, and 6. The 
lateral rectus has a well defined insertion in embryos of 
horizon xix, and its proximal (origin) end becomes 
clearly separated from the other extrinsic ocular muscles 
in embryos of horizon xx. Muscle fibers appear in the 
lateral rectus condensation as early as horizon xx; Bar- 
telmez (personal communication) has recently found, in 
teased preparations of this muscle, that Q, J, and Z lines 
are present in the myofibrillae of a 25mm. embryo 
(no. 5635) belonging to horizon xxii. 


THE DEVELOPMENT OF THE SUPERIOR OBLIQUE 


The superior oblique primordium, it will be recalled, 
appears first as a condensation in an arm of maxillo- 
mandibular mesoderm extending from the upper end 
of the mandibular arch forward over the dorsal surface 
of the optic vesicle, close to the surface ectoderm. The 
condensation is first visible slightly dorsal and medial to 
the superior peripheral condensation in older embryos 
of horizon xiv (fig. 1). At this stage the superior oblique 
condensation is less dense and somewhat smaller than 
the lateral rectus primordium, and considerably smaller 
than the premandibular condensation. The ophthalmic 
nerve lies close to the superior oblique condensation, if 
not actually embedded in it. 

During the next 6 days (horizons xv to xvii), the head 
continues to expand rapidly, the ophthalmic nerve di- 
vides into frontal and nasociliary branches, the optic stalk 
lengthens, and the optic vesicle increases markedly in 
diameter. Concomitantly with the enlargement of the 
optic vesicle, and possibly as a result of it, the caudal end 
of the superior oblique primordium shifts medially, re- 
taining an intimate association with the frontal branch 
of the ophthalmic. In an embryo of horizon xvii 
(no. 6258), the superior oblique primordium has become 
more elongated and is crescentic (fig. 16, pl. 4). Its 
center lies medial and cranial to the superior peripheral 
condensation, and its cranial (insertion) end bends 


downward and backward (in the region of the future 
trochlea), almost touching the periphery of the optic 
vesicle between the superior and anterior peripheral 
condensations. The caudal end of the superior oblique 
primordium is situated in a plane medial to that of its 
cranial end, and is penetrated by the trochlear nerve, 
the last of the eye-muscle nerves to appear, at a point 
immediately ventral and lateral to the vena cerebralis 
anterior. 

The relation of the frontal branch of the ophthalmic 
to the superior oblique primordium is of interest at this 
stage. As the caudal end of the superior oblique con- 
densation moves medially, it passes obliquely above the 
frontal nerve. More anteriorly, the frontal nerve still 
retains intimate contact with the ventral surface of the 
superior oblique, and emerges lateral to it in the region 
where the trochlea will presently form. The caudal half 
of the superior oblique condensation, therefore, “pivots” 
medially on the dorsal surface of the frontal nerve. 

Four days later (horizon xix, no. 5609), the caudal end 
of the superior oblique primordium has grown much 
farther medially and caudally, practically reaching the 
point where it will ultimately become attached to the . 
orbital wall (fig. 20, pl. 5). The progressive growth 
medially of the caudal portion of the superior oblique 
primordium, especially pronounced in embryos of hori- 
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zons xix and xx, is shown in table 3 for a series of repre- 
sentative sagittally sectioned embryos belonging to hori- 
zons xvi to xx. In each case, the number of sections in 
which a portion of the superior oblique primordium ap- 
pears has been counted and multiplied by the thickness 
of the section to give the lateromedial (transverse) ex- 
tent of the condensation. The frontal division of the 


TABLE 3 

TRANSVERSE EXTENT OF SUPERIOR OBLIQUE PRIMORDIUM 

Transverse 

extent of 

superior 

Length of oblique 

Horizon Embryo embryo (mm.) (microns) 
KVL AaB se ctaheeee 1197 10.0 160 
SVL scene cere 6519 10.8 224 
KVL a eas 6533 125 300 
Rixty ee ee aes 1390 18.0 640 
DOS Peep rset Mae i oe 431 19.0 880 


ophthalmic nerve now lies dorsal to that portion of the 
superior oblique about which the trochlea will soon 
form; the nasociliary division lies ventral to it. 

By the time the human embryo is 42 days old (hori- 
zon xx), striated fibers are recognizable in the superior 
oblique muscle, which extends from its narrow tendon 
of origin on the anterior margin of the optic foramen 
forward along the dorsomedial wall of the orbit, termi- 
nating anteriorly in a round tendon which, after passing 


through the developing trochlea (figs. 73, 74, pl. 14), 
is deflected ventrally, laterally, and caudally beneath the 
superior rectus to its insertion on the sclera on the equa- 
tor of the eyeball. The frontal nerve at this stage ex- 
tends forward midway between the bellies of the su- 
perior oblique and levator palpebrae superioris muscles. 
As the two eyes move forward, the frontal nerve comes 
to lie directly above the levator palpebrae superioris. 
During this period, the angle formed by the proximal 
and distal portions of the superior oblique tendon at the 
trochlea (trochlear angle) becomes more acute. 

It is interesting that the trochlear angle appears in the 
superior oblique condensation as early as horizon xvii, 
and in a sense anticipates the formation of a trochlea 
which does not become evident until 5 or 6 days later 
(horizon xx). From the beginning, the trochlear angle 
is obtuse; even in an embryo of horizon xix, just before 
the trochlea appears, it is about 120°. After the U-shaped 
trochlea forms about the superior oblique tendon and 
becomes attached to the developing frontal bone near 
the anterior margin of the orbit, the trochlear angle be- 
comes progressively more acute. This increase in the 
acuity is probably the result of the forward growth of 
the portion of the frontal bone to which the trochlea is 
attached. Thus the trochlear angle, which was about 
120° in horizon xix, becomes about 95° in horizon xxii 
(fig. 75, pl. 14), about 80° in horizon xxiii (fig. 24, pl. 6), 
and about 55° in adult man. 


THE FATE OF THE PREMANDIBULAR CONDENSATIONS 


The early history of the premandibular condensations 
and the development of small, transitory, epithelium- 
lined head cavities within them, in embryos belonging 
to horizons xii to xiv, has already been sketched. Each 
condensation is formed from mesodermal cells prolifer- 
ated laterally from the prechordal plate; as the head 
expands, each condensation, which from the beginning 
is connected with its fellow by a solid transverse bridge 
of mesoderm, rapidly enlarges. In early embryos belong- 
ing to horizon xiv, each pear-shaped premandibular con- 
densation is well developed and anteriorly almost reaches 
the caudomedial surface of the optic vesicle, its tapered 
medial end passing above the internal carotid artery; 
caudally, it is in contact with, and difficult to delimit 
from, the primordium of the lateral rectus. At this time 
the premandibular condensations are about twice the 
size of the lateral rectus primordium (described above) 
and are still connected across the mid-line by a rather 
tenuous transverse bridge of mesodermal cells which, in 
the mid-plane, is in contact with the cranial tip of the 
notochord. 

In older embryos of horizon xiv, the middle of the 
transverse bridge ruptures, and the two premandibular 
condensations are no longer connected. During this 
period, when the lens vesicle is invaginating, a small bud 


of mesodermal cells (the primordium of the superior 
rectus) appears on the dorsolateral portion of the pre- 
mandibular condensation, and extends forward and lat- 
erally toward the upper surface of the optic vesicle to 
the level of the fork in the vena capitis medialis (fig. 35, 
pl. 8). 

During the next 2 days (horizon xv), the lens vesicle 
closes off from the surface ectoderm, and cranial nerve 
III and the frontal branch of the ophthalmic nerve ap- 
pear. The superior rectus primordium is closely apposed 
to the caudomedial surface of the superior oblique con- 
densation, from which it may with some difficulty be 
distinguished, since the frontal nerve usually passes be- 
tween these two condensations. In slightly older em- 
bryos (horizon xvi), the superior rectus primordium 
extends cranially and laterally as a rather dense arm of 
cells and establishes a diffuse connection with the su- 
perior peripheral condensation. Proximally, the frontal 
branch of the ophthalmic nerve passes above the superior 
rectus primordium, and the nasociliary branch passes 
below it near its junction with the parent premandibular 
condensation. The oculomotor nerve has grown down 
between the caudal face of the premandibular condensa- 
tion and the cranial border of the lateral rectus pri- 
mordium (now supplied by the abducens nerve), and is 


Horizon XV 
Age: 31 £1 days 


Horizon XVI 
Age: 33 £ | days 


Horizon XW 
Age: 31£1 days 


Horizon XW 
Age: 33 £ | days 


Horizon XY 
Age: 31 4 I days 


Horizon YE 
Age: 332 | days 


ent 
dmm. 
OB 
me. 
a0. Z 
ir 


RTS Horizon XVI 
0 aii Age: 35+ | days 
C F-H 


Fic. 2. Diagrams, based on reconstructions of embryos of horizons xv, xvi, and xvii, illustrating the relations of the derivatives of 
the maxillomandibular mesoderm (figs. A, D) and the premandibular condensation (figs. B, E) to the brain, eye vesicle, Gasserian 
ganglion, and mandibular arch. Figure C represents a transection through the brain of an embryo of horizon xv at the level indicated 
in figure A. The derivatives of the maxillomandibular mesoderm and the premandibular condensation have been superimposed on the 
left side; the developing eye is illustrated on the right side of the transection. 

In addition to the superior oblique and the lateral rectus primordia, four other condensations appear in embryos of horizon xv in 
the maxillomandibular mesoderm. These condensations, situated around the outer rim of the optic vesicle (figs. A, B, C), are known 
as the superior (s. p. c.), inferior (i. p. c.), anterior (a. p. ¢.), and posterior (p. p. ¢.) peripheral condensations, and they anticipate in 
a sense the insertion points of the four rectus muscles on the eyeball and probably contribute to the formation of the sclera. At this stage, 
cranial nerves III and VI have grown from the brain into their respective eye-muscle primordia; the lens vesicle has pinched off from 
the surface ectoderm. 

In embryos of horizon xvi (figs. D-G), the superior oblique and lateral rectus condensations have elongated, and, in addition to 
the superior rectus, two other processes, the primordium of the medial rectus (m. r.) and the common primordium of the inferior 
rectus and inferior oblique (i. r.+2. 0.), project laterally from the premandibular condensation. In figures F and G, the premandibular 
condensation and associated eye-muscle primordia, illustrated in figure E, are viewed from lateral and caudal aspects, respectively. A 
distinct inferior oblique primordium first appears in embryos of horizon xvii (fig. H), and remains intimately attached for some time 


to the distal end of the inferior rectus. 
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of considerable assistance in delimiting these two inti- 
mately associated condensations. In fact, were it not for 
our knowledge of the early independent origins of these 
two condensations, it would be extremely difficult to 
separate them at this time, and one might easily, as 
did Lewis (1910), erroneously consider them to be one. 

The superior rectus continues to increase in density, 
and in embryos of horizon xvii (fig. 16, pl. 4) establishes 
a firm connection with the superior peripheral condensa- 
tion. Although the superior rectus is not yet clearly de- 
limited from the premandibular condensation proxi- 
mally, it is supplied by a branch of the oculomotor nerve. 
By the time the embryo attains a crown-rump length of 
19 to 20 mm. (horizon xx), muscle fibers appear in the 
superior rectus; its insertion on that portion of the sclera 
formerly occupied by the superior peripheral condensa- 
tion is clearly defined; and its attachment medially to the 
developing sphenoid bone immediately above the optic 
foramen now closely adjoins that of the lateral rectus. 
It will be recalled that in the adult all four rectus muscles 
attach to a funnel-shaped tendinous ring, known as the 
annulus of Zinn, which encloses the optic foramen. 

In embryos of horizons xxii and xxiii, a thin muscular 
sheet, the levator palpebrae superioris, splits off from the 
dorsomedial surface of the superior rectus and grows 
forward into the upper eyelid. The levator palpebrae 
superioris in an embryo of horizon xxiii (figs. 23, 24, 
pl. 6; fig. 72, pl. 13) is situated adjacent and lateral to the 
frontal nerve and immediately above and slightly medial 
to the belly of the superior rectus. As the eyes move for- 
ward, the frontal nerve ultimately comes to lie above the 
levator palpebrae superioris, which in turn comes to 
occupy a position immediately above the superior rectus. 

In older embryos of horizon xv, while the superior 
rectus is growing forward toward the superior peripheral 
condensation, a broad bulge develops on the ventrolateral 
surface of the premandibular condensation and extends 
laterally as far as the fork in the vena capitis medialis. 
Presently, in embryos of horizon xvi, two buds appear 
on the outer surface of the bulge. The more cranial bud, 
the primordium of the medial rectus, at first consists of 
a small, diffuse cluster of cells projecting craniolaterally 
for two or three 10-micron sections. It soon increases in 
density, and stretches forward beneath the optic stalk 
toward the anterior peripheral condensation on the outer 
margin of the optic vesicle. In embryo no. 6258 of hori- 
zon xvii, the medial rectus primordium has extended 
cranially and ventrolaterally until its distal end is con- 
tinuous with the anterior peripheral condensation (figs. 
16, 17, pl. 4). The nasociliary branch of the ophthalmic 
nerve passes immediately above and cranial to the point 
where the medial rectus joins its peripheral condensation. 
For some time the proximal end of the medial rectus is 


indistinguishable from the proximal ends of the other 
rectus muscles; it is not until horizon xix that a clearly 
defined origin for this muscle may be detected on the 
orbital wall. The medial rectus first receives a branch of 
the oculomotor nerve in embryos of horizon xix; muscle 
fibers are observable in this muscle soon thereafter 
(horizon xx). 

The second and more caudal bud that develops on the 
bulging ventrolateral surface of the premandibular con- 
densation in embryos of horizon xvi is destined to form 
the inferior rectus and inferior oblique muscles. From 
the beginning, the primordium of the inferior rectus is 
more dense and better defined than that of the medial 
rectus. It grows laterally, and in younger embryos of 
horizon xvii its distal end, which now nearly reaches 
the inferior peripheral condensation, becomes conspicu- 
ously expanded to form the primordium of the inferior 
oblique. At this stage, a branch of the oculomotor nerve 
extends along the primordium of the inferior rectus 
almost up to the inferior oblique condensation, if it does 
not actually enter it. Medially, ventrally, and caudally, 
the compact inferior oblique primordium is bounded by 
branches of the vena orbitalis inferior. Proximally, the 
inferior oblique condensation is continuous with that of 
the inferior rectus; in sagittally sectioned embryos, it is 
impossible to delimit the two primordia. In embryos 
sectioned frontally, however, the fate of the inferior 
oblique and inferior rectus condensations may be easily 
followed. 

In older embryos of horizon xvii, the primordium of 
the inferior oblique has become ovoid, and its long axis 
is situated at approximately right angles to that of the 
inferior rectus (figs. 14, 17, pl. 4). The inferior rectus 
primordium has grown laterally between the inferior 
oblique and the optic cup to reach the inferior peripheral 
condensation. In embryos of horizons xviii and xix, the 
inferior oblique retains intimate contact with the inferior 
rectus primordium even after the latter has reached its 
peripheral condensation (fig. 65, pl. 12; figs. 68, 69, 
pl. 13); it is not until horizon xx, at which time the 
inferior oblique becomes attached to the eyeball, that all 
connection with the inferior rectus is lost. At this time a 
well defined branch of the oculomotor nerve can be 
traced to the inferior oblique; shortly thereafter (late 
horizon xx), muscle fibers appear in both the inferior 
oblique and inferior rectus, and separate attachments 
(origins) on the orbital wall are distinguishable. The 
inferior oblique becomes attached to the floor of the 
orbit near its outer medial rim, whereas the proximal 
end of the inferior rectus takes origin on the wall of the 
orbit immediately below the optic foramen, adjacent and 
caudal to the origin of the medial rectus. 
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DISCUSSION 


There can be little doubt that the pattern of develop- 
ment of the extrinsic eye muscles of man is very similar 
to that of the cat, marsupials, birds, reptiles, and most, if 
not all, anamniotes. Although minor differences in 
detail do exist in the above groups, the extrinsic eye 
muscles uniformly arise on each side of the head from 
three well defined primordia. This, of course, runs 
counter to the conclusions of most investigators who 
have studied the development of these muscles in pla- 
cental mammals. But, as was pointed out in the intro- 
duction, most investigators have failed to examine criti- 
cally very young mammalian embryos, and have thus 
been misled by the condition in older embryos, in which 
the three pairs of extrinsic eye-muscle primordia have 
already reached a rather advanced stage of development 
and have become so intimately associated with one 
another that it is difficult to distinguish among them. At 
the time when Lewis (1910) worked on the development 
of the eyeball muscles of man, he was badly handi- 
capped by the lack of carefully prepared younger stages 
(of horizons x to xiv), and thus could scarcely have dis- 
tinguished separate primordia for the lateral rectus, 
superior oblique, and oculomotor muscles in a 7-mm. 
human embryo, the youngest he examined. 

The present study has led to the conclusion that two of 
the eye-muscle primordia (superior oblique and lateral 
rectus) in man arise in the maxillomandibular meso- 
derm, and that the third primordium (the premandibu- 
lar condensation), from which the four oculomotor eye 
muscles develop, arises from the prechordal plate. 

The striking similarity in the relation of the three eye- 
muscle primordia in man to that observed in the chick, 
turtle, and shark deserves comment. This similarity is 
emphasized when figure 1 presented here for man is 
compared with Adelmann’s (1927) text figure 2 for the 
chick, Johnson’s (1913) figure 19 for the turtle, and 
Scammon’s (1911) text figure 20 for the shark. The pre- 
mandibular condensations of man are directly com- 
parable to the premandibular head cavities of the chick, 
turtle, and shark, which in all these forms arise from a 
similar source, the prechordal plate. The maxilloman- 
dibular condensation of man, exclusive of the lateral rec- 
tus primordium, bears a striking resemblance to an 
equivalent portion of the maxillomandibular mesoderm 
in the chick and to the mandibular head cavity of the 
turtle and shark. Finally, the lateral rectus primordium 
of man closely resembles the primordium of the abducens 
musculature in the chick and the hyoid head cavity of the 
turtle and shark in its relation to the other eye-muscle 
primordia and to the first pharyngeal pouch. 

In both man and the chick, the superior oblique pri- 
mordium is continuous caudally with a more diffuse 
mesodermal condensation, the intermediate mass, which 


in turn is continuous caudomedially with the lateral 
rectus condensation (man) or the primordium of the 
abducens musculature (chick). The intermediate mass 
in man is believed to contribute to the distal (insertion) 
end of the lateral rectus, and to be, undoubtedly, homolo- 
gous with “muscle E” of elasmobranchs, first described by 
Platt (1891). Platt noted that muscle E arises from the 
ventromedian wall of the mandibular head cavity and, 
after early reaching an advanced stage of development, 
rather quickly degenerates and disappears. Lamb (1902) 
confirmed Platt’s conclusion concerning the fate of mus- 
cle E, but, like Platt, provided no convincing proof that 
muscle E degenerates. Johnson (1913) assumed that 
muscle E degenerates in the turtle, but he, also, supplied 
no proof for this assumption; Wedin (1953) came to 
no decision concerning the fate of muscle E in the alli- 
gator. Fraser (1915) concluded that the intermediate 
mass “apparently” degenerates in marsupials. 

On the other hand, Dohrn (1904) and Neal (1918) 
were of the opinion, now widely accepted, that in the 
shark the 2d head somite (mandibular head cavity) is 
divisible into two portions, a dorsal one from which the 
superior oblique is derived, and a ventral one (muscle E 
of Platt) which contributes to the distal end of the lat- 
eral rectus. Thus the lateral rectus muscle of the shark, 
according to the convincing evidence of Dohrn and 
Neal, has a dual origin, the proximal end being formed 
from the hyoid head cavity (3d somite), and the distal 
end from the ventral portion (muscle E) of the man- 
dibular head cavity (2d somite). On this point, Neal 
(1918) wrote as follows: 

Of the disintegration or degeneration of the muscle cells 
of muscle E there is not the slightest evidence. On the con- 
trary, in the stages during which degeneration has been said 
to occur, the embryonic muscle cells of both elements of the 
external [lateral] rectus muscle undergo similar progressive 
differentiation as elongated spindle-shaped muscle fibers. In 
both, myofibrillae are visible in Squalus embryos of forty- 
five millimeters and transverse striae in embryos of one hun- 
dred millimeters. 

Adelmann (1927) considered a comparable dual origin 
of the lateral rectus in the chick probable, in which the 
primordium of the abducens musculature is regarded 
as the homologue of the hyoid head cavity of the shark, 
and the intermediate mass of maxillomandibular meso- 
derm is considered to be the counterpart of the ventral 
portion (muscle E) of the shark’s 2d or mandibular 
somite. Precisely how much of the distal end of the lat- 
eral rectus is formed in the chick from the intermediate 
mass, Adelmann did not determine, but he was con- 
vinced that the intermediate mass contributes to the 
formation of this muscle. 

In the cat (Gilbert, 1947), the intermediate mass of 


DEVELOPMENT OF THE EYE MUSCLES 75 


maxillomandibular mesoderm forms the distal part of 
the lateral rectus, whereas the proximal portion of the 
muscle is derived from a more medial and caudal con- 
densation in the maxillomandibular mesoderm referred 
to as the VIth condensation. This conclusion concerning 
the dual origin of the lateral rectus muscle in the cat 
agrees in all essential respects with the findings presented 
here for man. Thus, in those forms in which the fate 
of muscle E, or its counterpart, the intermediate mass of 
maxillomandibular mesoderm, has been intensively stud- 
ied in a closely graded series of embryos, it has been 
found to contribute to the formation of the distal end 
of the lateral rectus muscle rather than to degenerate. 
McAlpine (1955) believed the mesoderm of branchial 
arches I and II to be of neural-crest origin, on the basis 
of its relatively high level of alkaline glycerophosphatase 
activity. “Branchial arch I also receives,” according to 
McAlpine, “a significant contribution of cells from the 
lateral head ectoderm and neural tube rostral to a dorso- 
ventral plane through the region of the hypophysis.” He 
is of the opinion “that the extrinsic ocular muscles, as 
well as the tunics of the eye, are of similar origin.” This 
premature and rather startling conclusion, based on a 
single staining reaction in one mammal, is difficult to 
reconcile with the way in which the eye muscles develop 
in lower vertebrates such as elasmobranchs and certain 
reptiles, in which the muscles form as hollow invagina- 
tions or solid outgrowths of the walls of the head cavi- 
ties which are definitely not derived from the neural 
crest. Although it is possible that neural-crest elements 
mingle with the maxillomandibular mesoderm in mam- 
mals, McAlpine’s implication that the premandibular 
condensations come from this source also, rather than 
from the prechordal plate, is most improbable, and cer- 
tainly, without conclusive evidence, impossible to accept. 
A consideration of the origin and early development 
of the vertebrate eye muscles is hardly complete with- 
out some reference to head cavities. These structures, 
and the role they play in the formation of the extrinsic 
eye muscles of lower vertebrates, have been reviewed 
elsewhere (Gilbert, 1952). Like the eyeball muscles 
themselves, these cavities are of considerable interest to 
the student of phylogeny, for they are well developed in 
elasmobranchs and many reptiles, in which groups the 
primordia of the six extrinsic ocular muscles typically 
arise from the walls of three well developed pairs of head 
cavities. The four eyeball muscles innervated by the 
oculomotor nerve arise from the walls of a conspicuous 
premandibular head cavity, while the superior oblique 
_ arises from the mandibular head cavity wall, and the 
lateral rectus, in whole or in part, takes origin from the 
epithelium lining the hyoid head cavity. Although pre- 
mandibular head cavities are usually encountered in 
birds, mandibular head cavities are less common. A 


well developed mandibular head cavity is present in the 
heron (Wedin, 19535); several smaller cavities which 
collectively may represent the mandibular head cavity 
were described by Rex (1905) for the gull; a mandibular 
head cavity is absent in the chick and robin (Adelmann, 
1926). Hyoid head cavities, with one possible exception 
(Rex, 1905), have never been observed in birds. 

Among mammals, premandibular head cavities have 
been found in several marsupials, including Macropus 
ruficollis, Perameles nasuta, Phascolarctos cinereus, Phas- 
colomys mitchelli, and Trichosurus vulpecula by Fraser 
(1915), and more recently they were observed and de- 
scribed in the opossum, Didelphys virginiana, by Gilbert 
(1954). In no marsupial thus far studied have mandibu- 
lar or hyoid head cavities been found, but homologous 
solid condensations which give rise to the superior 
oblique and abducens musculature have been clearly 
demonstrated. 

The fact that the human embryo is the only placental 
mammal in which head cavities have as yet been found 
is, therefore, of great interest. These spaces, first pointed 
out, but misinterpreted, by Zimmerman (1899) in a sin- 
gle human embryo of 4.5 mm., have been found, half a 
century later, in ten human embryos in the Carnegie 
Collection. They never attain the conspicuous size that 
they do in the lower vertebrates, and are restricted to the 
premandibular condensations from which the four ocu- 
lomotor eyeball muscles arise. They probably last but a 
few hours in man, and vanish as suddenly as they appear 
when the embryo is only 26 to 28 days of age. Because 
the cavities are of such small size and last so short a time, 
it is not surprising that they have been so long over- 
looked. There is little doubt that the head cavities of 
man are comparable to early stages in the development 
of the head cavities of lower vertebrates (see Gilbert, 
1952), and probably arise for the same dynamic reasons. 

To appreciate the dynamic factors involved in the pro- 
duction of head cavities, we must recall that one of the 
most salient features of early development is the rapid 
growth and expansion of the forebrain and eyes. It is 
precisely at this time that the head cavities of lower 
vertebrates and the eye-muscle primordia of mammals 
appear and increase markedly in size. Adelmann’s (1926) 
comments in this connection are particularly cogent: 


That great expansion is characteristic of the head region 
has been stressed by Kingsbury and myself (1924) elsewhere. 
It is also supported by studies on the development of the 
neural tube (Bartelmez, 1923; Adelmann, 1925). Professor 
Kingsbury has suggested that the expansion of the meso- 
derm occurring coincident with the expansion of the head 
may conceivably take two forms—either epithelial or mes- 
enchymal. If the expansion is epithelial in nature, head 
cavities are the result. It is perhaps not insignificant in this 
connection that the premandibular cavities should be most 
persistent, since they arise in a place where one would ex- 
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pect the bilateral expansion of material to be most marked. 
In the chick the expansion of the premandibular head cavi- 
ties seems to be directly related to the release from restraint 
or confinement of neighboring parts. The sudden expansion 
of the mesoderm keeping pace with the shiftings and ex- 
pansions of the head as a whole, and the expanding meso- 
derm taking an epithelial habitus, the head cavities result. 


Wedin (1955) reached a somewhat similar conclusion 
in accounting for the origin of head cavities. “The de- 
ciding factor in the formation of head cavities,” accord- 
ing to Wedin, “probably is the demand for space which 
during a certain phase of development is placed on the 
rostral mesenchyme.” Or, to put it another way, head 
cavities probably arise and enlarge, as both Adelmann 
(1926) and Wedin (1955) imply, because there is poten- 
tial space to be filled. 

The question may now be raised whether the assump- 
tion of an epithelial or mesenchymal habitus by the 
expanding mesoderm is related to differences in pro- 
liferation rate. We might speculate, for example, that 
a low rate of proliferation would necessitate the epi- 
thelial type, the cells quickly arranging themselves as an 
epithelium about a space and thus forming head cavities, 
as in elasmobranchs and reptiles. If, on the other hand, 
the mesodermal cells behind and medial to the optic 
vesicle proliferate rapidly, solid mesenchymal condensa- 
tions, such as the primordia of the superior oblique and 


abducens musculature of birds and marsupials or the 
premandibular condensations and the superior oblique 
and lateral rectus primordia of placental mammals, 
would result. 

Attempts have been made from time to time to assign 
the eye-muscle primordia, or the head cavities which 
foreshadow these primordia, to segments or metameres 
in the head; a voluminous literature related to this sub- 
ject now exists. Recently this matter was extensively 
treated by Wedin (1955), who concluded that “the mor- 
phogenesis of the head structures investigated [neuro- 
meres, neural crest, head cavities, extrinsic eye muscles, 
and pharyngeal gut] lend no support to the theory that 
the vertebrate head has a metameric organization.” 

There has been no mention in our discussion thus far 
of the segmentation of the head in the human embryo, 
and any inference that the extrinsic-eye-muscle primordia 
are in any way related to head segments has been delib- 
erately avoided, for it would only serve to obscure the 
principal thesis of this study. Instead, emphasis has 
repeatedly been placed on the striking similarity that 
exists in the general pattern of development of these 
muscles in man, cat, marsupials, birds, reptiles, and most, 
if not all, anamniotes. The widespread concept that all 
the extrinsic eye muscles of placental mammals, includ- 
ing man, arise from a single primordium on each side of 


the head should now definitely be abandoned. 


SUMMARY 


1. The extrinsic ocular muscles of man arise from three 
independent but closely apposed mesenchymal condensa- 
tions situated on each side of the head. These condensa- 
tions are homologous with the premandibular, mandibu- 
lar, and hyoid head cavities of lower vertebrates. 

2. The eyeball muscles innervated by the oculomotor 
nerve arise from a pair of premandibular condensations 
derived from the prechordal plate. The right and left 
premandibular condensations are from the beginning 
(horizon xi) connected across the mid-line by a solid 
bridge of prechordal mesoderm. Subsequently the bridge 
becomes tenuous (horizon xiii), then ruptures (horizon 
xiv), and ultimately disappears (horizon xv). 

3. Small epithelium-lined spaces briefly appear in the 
premandibular condensations in embryos of horizons xii 
to xiv. The spaces never coalesce to form larger cavities 
such as are found in lower vertebrates, and are inter- 
preted as being rudimentary head cavities, collectively 
homologous with the premandibular head cavities of 
elasmobranchs, reptiles, birds, and marsupials. To date, 
man is the only placental mammal known to possess 
premandibular head cavities. 

4. Each premandibular condensation subsequently 
gives rise to three processes, the primordia of the four 
oculomotor eyeball muscles, which grow craniolaterally 
toward the optic vesicle. The primordium of the superior 


rectus first appears in embryos of horizon xiv; that of 
the medial rectus and the common primordium of the 
inferior rectus and inferior oblique, in embryos of hori- 
zON XV1. 

5. Laterally each premandibular condensation adjoins 
a diffuse mass of mesenchymal cells known as the maxil- 
lomandibular mesoderm, which extends from the dorsal 
portion of the mandibular arch upward and forward over 
the eye. 

6. Two condensations subsequently appear in the max- 
illomandibular mesoderm: (a) The more caudal and 
medial condensation, the primordium of the lateral rec- 
tus, is first found in embryos of horizon xiii. It grows 
cranially and laterally along the caudolateral face of the 
premandibular condensation and reaches the periphery 
of the optic vesicle in embryos of horizon xvi. (b) A 
second condensation, the primordium of the superior 
oblique, first appears in embryos of horizon xiv in an 
arm of maxillomandibular mesoderm above the optic 
vesicle. As the superior oblique condensation grows 
craniolaterally toward the periphery of the optic vesicle, 
its caudal end swings medially toward the developing 
orbital wall. At its distal end the superior oblique pri- 
mordium bends sharply in embryos of horizon xvii and 
grows ventrally, laterally, and caudally to its insertion 


on the eyeball. About the bend in the distal end of the 
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superior oblique tendon, the trochlea begins to form in 
embryos of horizon xx, and is conspicuously, but not 
completely, developed 7 days later (horizon xxiii). 

7. In embryos of horizon xiv, four peripheral con- 
densations appear in the maxillomandibular mesoderm 
beneath the surface ectoderm about the periphery of the 
optic vesicle. Toward these peripheral condensations the 
four rectus muscles grow, and eventually become in- 
serted into them. It is believed that the peripheral con- 
densations contribute to the formation of the sclerotic 
coat of the eyeball. 


8. The levator palpebrae superioris arises by delamina- 
tion from the dorsomedial portion of the superior rectus 
muscle in embryos of horizon xxi to xxiii. 

g. The eye-muscle nerves grow from the brain into 
their respective condensations in the following sequence: 
oculomotor (horizon xv), abducens (horizon xv), troch- 
lear (horizon xvi). 

10. The origin and development of the extrinsic ocular 
muscles in man thus follow a pattern which conforms in 
essential features with that found in the cat, marsupials, 
birds, reptiles, and elasmobranchs. 
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ABBREVIATIONS USED IN FIGURES 


ao., aorta 

ao. a. I, aortic arch I 

ao. a. II, aortic arch I 

ao. a. III, aortic arch III 

a. p. c., anterior peripheral condensation 
c. g., ciliary ganglion 

7é., forebrain 

fg., foregut 

fr. n., frontal nerve 

g. V, Gasserian ganglion 

hb., hindbrain 

A. c., head cavity 

1. c. a@., internal carotid artery 

int., intermediate mass 

i. 0., inferior oblique 

i. p. c., inferior peripheral condensation 
i. r., inferior rectus 

1. p., lens placode 

1. p. s., levator palpebrae superioris 

1. r., lateral rectus 

I. v., lens vesicle 

m. a., mandibular arch 

mand. V, mandibular branch of cranial nerve V 


max. V, maxillary branch of cranial nerve V 
mb., midbrain 

m. m.m., maxillomandibular mesoderm 
m. r., medial rectus 

n., notochord 

n. Ill, oculomotor nerve 

n. IV, trochlear nerve 

n. VI, abducens nerve 

ne. n., nasociliary nerve 

op. s., optic stalk 

op. v., optic vesicle 

op. V, ophthalmic branch of cranial nerve V 
p. &., prechordal bridge 

p. ¢., premandibular condensation 

p. pl., prechordal plate 

p. p. ¢., posterior peripheral condensation 
s. 0., superior oblique 

s. p. ¢., superior peripheral condensation 
s. 7., Superior rectus 

t., trochlea 

v. c. a., vena cerebralis anterior 

v. ¢. m., vena capitis medialis 

v. 0. 1., vena orbitalis inferior 
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PLATE I 


Fic. 3. Transection through the head of a 10-somite embryo. 
The plane of section passes through the prechordal plate. No. 
5074, section I-3-4, X 100. 

Fic. 4. Transection through the head of a 10-somite embryo. 
The plane of section passes through the cranial end of the foregut. 
No. 5074, section 1-3-5, X 100. 

Fic. 5. Oblique transection through the head of a 14-somite 
embryo. The plane of section passes through the cranial end of 
the notochord. No. 4529, section 1-6-6, X I00. 

Fic. 6. Oblique transection through the head of a 14-somite 
embryo. The plane of section passes through the prechordal plate, 
from which prechordal mesoderm has been proliferated laterally 
to form a small club-shaped premandibular condensation ahead of 
the knee of the left aorta. No. 4529, section 1-6-8, X 100. 


Fic. 7. No. 6050, section 3-5-10, X 100. 
Fic. 8. No. 6050, section 3-5-I1, X 100. 


Two consecutive transections through the head of a 19-somite 
embryo. The premandibular condensations are larger than in 
embryos of 14 somites, and are still connected across the mid-line 
by a transverse bridge of prechordal mesoderm. To emphasize 
their limits, both the bridge and the premandibular condensations 
are shaded. Actually, the contrast with the surrounding meso- 
derm is not so great as shown here, and, in some embryos, the 
limits of the premandibular condensations can be determined 
only after prolonged study. 
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PLATE 3 


Fic. 11. Based on a plastic reconstruction of the left side of 
the head of a 29-somite embryo sectioned sagittally; the external 
surface is nearest the observer. Note the premandibular conden- 
sation slightly dorsal and caudal to the optic vesicle, and lateral 
to the internal carotid artery. Only two of the four head cavities 
in the left premandibular condensation can be seen. No. 7724, 
X 60. 


Fic. 12. Left side of the head of the same embryo. The 
median sagittal plane is nearest the observer. Note the transverse 
bridge of prechordal mesoderm connecting the left and right 
premandibular condensations. 

Fic. 13. Details of the epithelium that lines one of the head 
cavities. No. 4736, section 2-5-3, X 500. 
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Fic. 16. 


Four drawings of a model of the eye, eye-muscle primordia, 
and associated nerves, of embryo no. 6258, horizon xvii. 


Fic. 14. The eye-muscle primordia of embryo no. 6258 are 
superimposed on the brain of another embryo, no. 6520, of ap- 
proximately the same age and size. The relation of the principal 
branches of cranial nerve V to the four peripheral condensations 
into which the four rectus muscles grow is illustrated. Lateral 
aspect. X I5. 

Fic. 15. A portion of the brain, the eye, principal nerves, 
peripheral condensations, and the eye-muscle primordia. Dorso- 
lateral aspect. No. 6258, X 30. 

Fic. 16. Dorsocranial aspect of the same model illustrated in 
figure 15. X 30. 
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Fic. 17. 


Fic. 17. Ventrocaudal aspect of the same model illustrated in 
figure 15. X 30. 


Attention is called to the four peripheral condensations, about 
the outer margin of the optic vesicle, into which the primordia 
of the four rectus muscles have grown. Cranial nerves II, IV, 
and VI have reached their respective eye-muscle primordia; the 
primordium of the inferior oblique has appeared as a conspicuous 
condensation at the distal end of the inferior rectus; a prominent 
bend (at the point where the trochlea will subsequently develop) 
has appeared near the distal end of the superior oblique primor- 
dium, and the proximal end of the superior oblique has begun 
to shift medially. 
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Fic. 20. 


Four drawings of a model of the eye, eye-muscle primordia, and asso- 
ciated nerves of embryo no. 5609, horizon xix. 


Fic, 18. The eye-muscle primordia of embryo no. 5609 are superimposed 
on the brain for orientation; the relation of the principal branches of 
cranial nerve V to the four peripheral condensations into which the four 
rectus muscles have grown is illustrated. Lateral aspect. 15. 

Fic. 19. A portion of the brain, the eye, principal nerves, peripheral 
condensations, and the eye-muscle primordia. Dorsolateral aspect. No. 5609, 
X 30. 

Fic. 20. Dorsocranial aspect of the model illustrated in figure 19. X 30. 
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Fic. 21. 


Fic. 21. Ventrocaudal aspect of the same model illustrated in figure 19. 
X 30. 


Four peripheral condensations are still present at this stage, and with 
these the primordia of the four rectus muscles have intimately fused. The 
inferior oblique primordium has become more elongated, and its long 
axis lies at roughly a right angle to that of the inferior rectus, with which 
it still retains a tenuous connection. The bend, anticipating a trochlea, at 
the distal end of the superior oblique primordium is more prominent, and 
the proximal end of the superior oblique has grown farther medially to- 
ward its future origin on the orbital wall. 
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Four drawings of a model of the eye, eye muscles, and asso- 
ciated nerves of embryo no. 5154, horizon xxiii. 


Fic. 22. The eye muscles of embryo no. 5154 are superim- 
posed on the brain for orientation; the relation of the principal 
branches of cranial nerve V to the eye muscles, which now have 
well defined insertions on the sclera, is illustrated. The periph- 
eral condensations are no longer recognizable, for they have 
contributed to the formation of the sclera. Lateral aspect. 5. 

Fic. 23. A portion of the brain, the eye, principal nerves, and 
the eye muscles. Dorsolateral aspect. No. 5154, X17. 

Fic. 24. Dorsocranial aspect of the same model illustrated in 
figure 23. X17. 
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Fic. 25. 


Fic. 25. Ventrocaudal aspect of the same model illustrated in 
figure 23. X17. 

A sclerotic coat, to which the peripheral condensations have 
contributed, now covers the eyeball; muscle fibers have appeared 
in all six eye muscles, and all have well defined origins on the 
orbital wall and insertions on the sclera; a trochlea has begun to 
develop at the bend in the tendon of insertion of the superior 
oblique; a thin sheet of muscle, the levator palpebrae superioris, 
has split off from the dorsomedial surface of the superior rectus, 
and extends outward into the upper eyelid. 
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Fic. 26. Lateral view of a 29-somite embryo, approximately 26 
days of age. Figures 27 to 31 are of parasagittal sections through 
the head of this embryo. No. 7724, X17. 

Fic. 27. Parasagittal section through part of the head of the 
embryo. A small head cavity is situated immediately above the 
internal carotid artery, near the junction of the left preman- 
dibular condensation with the transverse bridge of prechordal 
mesoderm. Section 2-3-11, X 105. 

Fic. 28. Section 16 microns lateral to that in figure 27, show- 
ing the premandibular condensation. Section 2-3-13, X 105. 


Fig. 29. Section lateral to that in figure 28, illustrating the 
maximum diameter of the premandibular condensation at this 
stage. Section 2-4-4, X70. 

Fic. 30. Section lateral to the premandibular condensation, 
which illustrates the maxillomandibular mesoderm at the upper 
end of the mandibular arch and maxillary process and caudal to 
the optic vesicle. Section 3-1-10, X70. 

Fic. 31. Adjacent section, lateral to that in figure 30, showing 
the extent of the maxillomandibular mesoderm. Section 3-1-1, 
x70. 
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Fic. 32. Transverse section through the head of a 28-somite 
embryo, approximately 26 days of age. One head cavity appears 
on the left side slightly dorsal and lateral to the internal carotid 
artery, and three, situated within the premandibular condensa- 
tion of the right side, are arranged in a row roughly paralleling 
the floor and wall of the forebrain. No. 7999, section 2-1-12, X 70. 

Fic. 33. The same section, at a higher magnification, illus- 
trated in figure 32. No. 7999, section 2-I-12, X 140. 

Fic. 34. Transverse section through the head of a 24-somite 
embryo, approximately 26 days of age. A small head cavity is 
present above the internal carotid artery on each side. No. 8505A, 
section 3-I-I, X 87. 

Fic. 35. Parasagittal section through the head of an embryo 
of horizon xiv. From the premandibular condensation, an arm 


of mesoderm, the primordium of the superior rectus, has ex- 
tended craniolaterally over the dorsomedial surface of the optic 
vesicle. No. 6500, section 2-6-4, X 42. 

Fic. 36. Frontal section through the head of an embryo of 
horizon xiii. The lateral rectus condensation is situated medial 
to the Gasserian ganglion and caudodorsal to the premandibular 
condensation. Note the transverse bridge of prechordal meso- 
derm which connects the right and left premandibular condensa- 
tions. No. 7618, section 3-2-3, X 42. 

Fic. 37. Parasagittal section through the eye of an embryo of 
horizon xiii. The tapered medial end of the premandibular con- 
densation is situated immediately above the internal carotid 
artery. No. 8239, section 3-2-6, 70. 
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Fic. 38. Parasagittal section through the head of an embryo 
of horizon xv. The condensation from which the proximal part 
of the lateral rectus will form is situated dorsal and caudal to 
the premandibular condensation which will give rise to the four 
oculomotor eye muscles. No. 4602, section 2-4-6, X 24. 

Fic. 39. Parasagittal section 65 microns lateral to the one il- 
lustrated in figure 38. The lateral rectus and premandibular con- 
densations at this level are in close apposition. No. 4602, section 
2-4-1, X24. 

Fic. 40. Frontal section through the head of an embryo of 
horizon xv. The lateral rectus primordium extends laterally 
along the dorsocaudal face of the premandibular condensation to 
become continuous with the intermediate mass of the maxil- 
lomandibular mesoderm. No. 6506, section 9-1-5, X 38. 

Fic. 41. Section some distance behind the one illustrated in 
figure go. At this level the lateral rectus primordium is no 


longer in intimate contact with the premandibular condensation. 
No. 6506, section 9-4-4, X 38. 

Fic. 42. Transverse section through the head of an embryo of 
horizon xv. The caudodorsal end of the lateral rectus primor- 
dium lies adjacent and medial to the vena capitis medialis. No. 
3385, section 5-2-3, X 28. 

Fic. 43. Transverse section some distance below that illustrated 
in figure 42. The lateral rectus and the superior rectus pri- 
mordia have not quite reached their respective peripheral con- 
densations. No. 3385, section 6-2-3, X 28. 

Fic. 44. Transverse section some distance below that illus- 
trated in figure 43. The caudal and medial sides of the pre- 
mandibular condensation are characteristically enclosed at this 
level by branches of the vena orbitalis inferior. No. 3385, section 
6-3-2, X 28. 
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Fic. 45. Frontal section, dorsal to the level of the eye, through 
the head of an embryo of horizon xvi. There is a common pri- 
mordium at this stage for the inferior rectus and inferior oblique. 
No. 6507, section 8-2-7, X 24. 

Fic. 46. Transverse section through the head of an embryo of 
horizon xvi. The denser condensation designated as the lateral 
rectus primordium forms the proximal part, whereas the less 
dense intermediate mass situated behind the eye contributes to 
the distal part, of the lateral rectus muscle. No. 6750, section 
55-4, x 42. 

Figures 47 to 50 are transverse sections, at four consecutive 
levels, through the head of an embryo of horizon xvi; figure 47 
is most cranial. The relation of the lateral rectus primordium to 
the intermediate mass, the posterior peripheral condensation, and 
the premandibular condensation is illustrated. 

Fic. 47. Caudodorsal end of the lateral rectus primordium, 


which is here penetrated by the abducens nerve. No. 6517, sec- 
tion 13-1-1, X28. 

Fic. 48. The dense lateral rectus condensation extends laterally 
in front of the fork in the vena capitis medialis and is continuous 
with the less dense intermediate mass of mesoderm situated 
medial and adjacent to the posterior peripheral condensation, 
No. 6517, section 13-1-6, X 28. 

Fic. 49. Section adjacent to and below that illustrated in 
figure 48. Note the relation of the superior rectus primordium to 
the condensation which will form the proximal portion of the 
lateral rectus muscle. No. 6517, section 13-2-1, X 28. 

Fic. 50. Section through the head some distance below that 
illustrated in figure 49. Cranial nerve III passes between the 
premandibular and lateral rectus condensations, and is a useful 
landmark at this level in delimiting the two condensations. No. 
6517, section 13-3-1, X 28. 
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Fic. 51. Parasagittal section through the head of an embryo of 
horizon xvi. At this level, the primordium of the superior ob- 
lique is situated adjacent and cranial to the superior peripheral 
condensation. No. 1197, section 7-2-2, X 28. 

Fic. 52. Parasagittal section medial to that illustrated in figure 
51. Three peripheral condensations are present at this level. No. 
197, section 7-3-2, X 28. 

Fic. 53. Parasagittal section through the head of an embryo 
of horizon xvii. The four peripheral condensations, into which 
the four rectus muscles grow, are denser than in embryos of 
horizon xvi. No. 6519, section 8-1-1, X 28. 

Fic. 54. Section medial to that illustrated in figure 53. Note 


the relation of the superior oblique primordium to the ophthal- 
mic nerve and the superior peripheral condensation. No. 6519, 
section 8-2-4, X 28. 

Fic. 55. Parasagittal section some distance medial to that illus- 
trated in figure 54. Cranial nerve III passes between the proxi- 
mal ends of the lateral and superior recti, and sends a branch 
ventrolaterally to supply the inferior rectus. No. 6519, section 
12-1-4, X 28. 

Fic. 56. Frontal section through the head of an embryo of 
horizon xvii. The inferior rectus condensation is continuous dis- 
tally with the primordium of the inferior oblique. No. 6631, 
section 15-I-4, X 42. 


GILBERT 


PLATE 


11 


PLATE I2 


Figures 57 to 59 are transverse sections, at three consecutive 
levels, through the head of an embryo of horizon xvii; figure 57 
is most cranial. 

Fic. 57. Section through the lateral rectus and superior oblique 
primordia. No. 6258, section 11-2-2, X 28. 

Fic. 58. Section passes through a plane about 60 microns 
above the eyeball. Note the location of cranial nerve II] between 
the primordium of the lateral rectus and the superior rectus. 
The ophthalmic division of cranial nerve V divides at about this 
level into frontal and nasociliary branches. No. 6258, section 
Te=3=3) 28s 

Fic. 59. Section through the eye and four eye-muscle pri- 
mordia. At this level the frontal branch of the ophthalmic nerve 
is intimately associated with the superior oblique primordium. 
No. 6258, section 12-1-5, X28. 

Figures 60 to 65 are frontal sections, at six consecutive levels, 
through the head of an embryo of horizon xviii; figure 60 is 
most ventral. 

Fic. 60. Section through the superior oblique condensation near 
its insertion on the eyeball. No. 6522, section 25-1-4, X 28. 


Fic. 61. Section through the superior oblique condensation 
proximal to that illustrated in figure 60. No. 6522, section 25-2-2, 
x 28. 

Fic. 62. Section through the mid-part of the superior rectus 
and medial rectus primordia. No. 6522, section 27-2-2, X 28. 

Fic. 63. Section through the eye at its greatest diameter. The 
relation of the superior rectus and medial rectus at this level to 
the optic stalk is illustrated. No. 6522, section 29-1-3, X 28. 

Fic. 64. Section dorsal to the level of the optic stalk, illustrat- 
ing the lateral rectus, which is now quite dense throughout its 
entire length. The lateral rectus is readily distinguished from 
the proximal ends of the oculomotor muscles, for cranial nerve 
III passes downward along its anterior surface. No. 6522, section 
30-1-3, X 28. 

Fic. 65. The primordium of the inferior oblique appears as a 
prominent condensation at the distal end of the inferior rectus. 
Subsequently, the connection between these two muscle pri- 
mordia will become tenuous, and finally will disappear al- 
together. No. 6522, section 31-2-4, X 28. 
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Fic. 66. Parasagittal section through the eye and Gasserian 
ganglion of an embryo of horizon xviii. At this level, cranial 
nerve IV sends a branch to the frontal division of the ophthalmic 
nerve, and then continues on to enter the superior oblique 
primordium. The proximal end of the superior rectus is char- 
acteristically wedged in between the frontal and nasociliary 
branches of the ophthaimic nerve. No. 6533, section 38-3-1, X 42. 

Fic. 67. Parasagittal section through the optic stalk and Gas- 
serian ganglion of an embryo of horizon xix. All the eye-muscle 
primordia are more dense and better defined than they were in 
horizon xviii. No. 1390, section 6-1-2, X 28. 

Figures 68 to 70 are frontal sections through the head of an 
embryo of horizon xix. At this stage, the primordium of the in- 
ferior oblique has become more elongated, but is still attached to 
the distal end of the inferior rectus. 

Fic. 68. Section through the inferior rectus, which is con- 
tinuous with the club-shaped primordium of the inferior oblique. 
No. 5609, section 12-3-1, X 28. 


Fic. 69. Section 50 microns caudal to the one illustrated in 
figure 68. At this level the long axis of the inferior oblique 
primordium is at almost a right angle to that of the inferior 
rectus, with which it still retains a tenuous connection. No. 
5609, section 12-3-3, X 28. 

Fic. 70. Section 50 microns caudal to that illustrated in figure 
69. The inferior rectus extends outward to the inferior peripheral 
condensation, and the medial (origin) end of the inferior oblique 
has almost reached the orbital wall. No. 5609, section 12-3-5, 
x 28. 

Fic. 71. Transverse section through the head of an embryo of 
horizon xxii. The peripheral condensations into which the four 
rectus muscles insert have spread over the optic vesicle to form 
part of the sclera. No. 8394, section 34-1-2, X 21. 

Fic. 72. Transverse section through the head of an embryo 
of horizon xxiii. The levator palpebrae superioris has split off 
from the superior rectus, and extends as a thin sheet of muscle 
outward into the upper eyelid. Muscle fibers are present in all 
six eye muscles at this stage. No. 5154, section 53-1-3, X 21. 
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Figures 73 to 79 illustrate stages in the development of the 
trochlea through which the tendon of insertion of the superior 
oblique muscle passes. 

Fic. 73. Parasagittal section through the head of an embryo 
of horizon xx. The trochlea and enclosed superior oblique ten- 
don are transected at this level. No. 431, section 16-1-2, X28. 

Fic. 74. Frontal section through the head of an embryo of 
horizon xx. The trochlea has not yet thickened appreciably. No. 
4059, section 28-4-3, x 28. 

Fic. 75. Transverse section through the head of an embryo of 
horizon xxii. This unusual section passes through almost the 
entire length of the superior oblique muscle. The inner wall of 
the trochlea is noticeably thicker than it was in embryos of hori- 
zon xx. The angle formed by the tendon of insertion with the 
main belly of the superior oblique muscle at the trochlea (troch- 
lear angle) is approximately 95°. No. 8394, section 34-2-3, X21. 

Fic. 76. Transverse section through the head of an embryo 
approximately 9 weeks of age. The trochlea is now very thick, 


but as yet contains no fibrocartilage. No. 9226, section 71-1-4, 
aly 

Fic. 77. Transverse section through the head of an embryo of 
horizon xxiii. The tendon of the superior oblique is sectioned 
longitudinally at the trochlea; the curve which it describes as it 
passes through the trochlea is clearly illustrated. The eye 1s now 
covered with a well defined sclera, into which all six eye muscles 
insert. No. 5154, section 57-2-I, X 21. 

Fic. 78. Sagittal section through the head of an embryo ap- 
proximately 9 weeks of age. The section cuts the belly of the 
superior oblique muscle longitudinally, and its tendon of inser- 
tion, as it passes through the trochlea, transversely. No. 5017, 
section 43-2, X 4. 

Fic. 79. The superior oblique muscle, its tendon, and the 
trochlea, illustrated in figure 78, are here enlarged. The posterior 
side of the trochlea is noticeably thicker than it was in earlier 
horizons; the tendon of insertion of the superior oblique is now 
very dense and compact. No. 5017, section 43-2, X17. 
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THE DEVELOPMENT OF THE CRANIAL VENOUS SYSTEM IN MAN, 
FROM THE VIEWPOINT OF COMPARATIVE ANATOMY * 


INTRODUCTION 


The present communication is the logical outcome of 
the author’s companion study of the development of the 
cranial arteries in the human embryo (Padget, 1948, 
1954). Following a pioneer report on the developing 
vasculature of the brain in man (Mall, 1904), there ap- 
peared the major contributions of Streeter (1915, 1918), 
which have been regarded as authoritative and are widely 
quoted. Streeter was chiefly concerned, however, with 
the dural sinuses as illustrative of fundamentals of the 
vascular apparatus dependent on changing factors in its 
environment (1918), and dealt only incidentally with 
the veins (and arteries) of the brain and extracranial 
parts. Although the present survey was begun to supple- 
ment Streeter’s work, it became apparent that his inter- 
pretations regarding several important vessels could not 
be accepted. Near the close of the present author’s study, 
attention was directed to a monograph on the develop- 
ment of the dural sinuses and vessels of the human brain 
by Markowski (1922), which work, essentially completed 
but delayed in publication, had been summarized earlier 
(zg11). His detailed contribution was buried as a sup- 
plement to a relatively inaccessible journal and suffers 
in contrast to Streeter’s exposition (1918) embellished 
with colored plates by James Didusch. Owing chiefly to 
the limitations of Markowski’s illustrations (meager dia- 
grams, 1911, plus photographs of sections and of models 
in color, 1922), his reports may not be fully understood 
except by one familiar with comparable embryos. With 
such material at hand, however, the author had come, 
independently, to similar conclusions regarding the 
identity of certain vessels. Furthermore, the points of 
agreement with Markowski coincided with some of the 
points of disagreement with Streeter. The present ex- 
tended observations have shown in general that the 
developmental pattern, both phylogenetic and ontoge- 
netic, of the whole cranial vasculature, especially of the 
venous part, must be visualized in order to prevent mis- 
conceptions regarding its subdivisions in embryonic or 
mature specimens. 

The fact that there has long been wanting a compre- 
hensive account of the veins of the head region is readily 
explained. Many vessels, together with the common 
variations of venous patterns, can be comprehended only 
from the comparative standpoint of their evolution in 


+ This work was primarily aided by grants made through Dr. 
George W. Corner by the Life Insurance Foundation, 1946- 
1950, and by a fellowship granted to the author by the Carnegie 
Institution of Washington, 1950-1953; it was completed in the 
Division of Neurological Surgery, University of Maryland School 
of Medicine, with aid from the Hoffberger Fund. 
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other vertebrates. Moreover, there is no overstatement 
in Mall’s picturesque comment that the “history of the 
arteries is relatively simple when compared with the 
gyrations the veins undergo.” 

In respect to the arteries, the author was forearmed, 
from the literature and from personal observation, with 
a reasonably wide knowledge of the human adult con- 
figuration and its variations. For many reasons, similar 
knowledge of the venous system is less readily available. 
Routine removal of the brain from the skull tears the 
delicate veins that connect the pial and dural systems; 
careful removal to identify each connection is both diffi- 
cult and time consuming. A number of the large but 
thin-walled veins are buried under the arteries in the 
great cerebral fissures, so that a considerable resection of 
brain tissue is necessary for their exposure. The blood, 
or even certain types of injection material (e.g. ink), 
may not always fill or be retained in all parts of a con- 
tinuous channel, owing to uneven compression of the 
more deeply situated veins by the brain, before or after 
fixation. In either infant or adult, though for different 
reasons, a complete dissection of the dural channels at 


‘the base of the skull is difficult; the obstructing bone is 


densely adherent to the dura around the nerves and 
certain related vessels (Walker, 1933). To supplement 
observations on adult heads, a number of infants, in 
which the delicacy of the skull bones somewhat offsets 
the disadvantage of minute vessels, were dissected with 
the original intention of establishing a norm for the 
adult pattern. Although the present evidence is limited, 
it is apparent that at birth certain important venous 
channels differ from the adult configuration as generally 
described. Added to this unexpected finding were the 
differences in certain details found in embryos and fetuses 
of the same age group. 

In spite of the confusion presented at the outset by all 
these factors, the constant comparison of embryonic, in- 
fant, and adult patterns, supplemented by what is known 
of other species, gradually clarified the picture, and what 
may be called, at least tentatively, a typical configura- 
tion in each case finally emerged. Attention is directed 
to a publication concerning obscure features of the adult 
pattern in man from the developmental point of view 
(Padget, 1956); this article includes a discussion of em- 
bryologic considerations regarding the origin of con- 
genital arteriovenous aneurysms. 

The final problem in the present study was the ade- 
quate pictorial presentation of the material within the 
limited number of figures. When preparing some of 
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the illustrations, the author was faced with a choice be- 
tween showing the complete or exact graphic recon- 
structions, which were too complicated to be readily 
understood, and risking errors of personal judgment by 
conversion to a semidiagrammatic picture. The resulting 
compromise makes no undue sacrifice to either clarity 
or accuracy. 


Most of the material for this study was provided by the 
Carnegie Collection of Embryos, many being the same 
ones used in the earlier study of the arteries. From en- 
larged photographs of serial sections, graphic reconstruc- 
tions were prepared in the three standard planes: lateral, 
horizontal, and coronal. Because of variations in details, 
it was necessary to compare the findings in more em- 
bryos of each stage than for the arteries, and more than 
65 views of over 30 specimens were prepared. Dissections 
and sketches were made of 10 late fetal and newborn 
heads (3 were injected); a similar study of about 15 
adult heads was possible through the courtesy of 
Dr. Allan L. Grafflin of the Johns Hopkins School of 
Medicine. Much appreciation is expressed to Dr. E. Carl 
Sensenig of the University of Alabama for helpful sug- 


gestions, and to Dr. George W. Smith and Mr. Carl W. 
Mueller, who facilitated study of their excellent corro- 
sion preparations of the adult made in the department of 
Professor Eduard Uhlenhuth of the University of Mary- 
land School of Medicine. (Unusually informative dem- 
onstrations of venous channels in several skulls were 
obtained by latex injections followed by digestion of the 
soft parts.) The essential comparative information, when 
not provided by the literature, was supplemented by 
study of several adult mammals, regarding which espe- 
cial gratitude is expressed to the following: Dr. Karl R. 
Reinhard of the National Biological Institute, for the 
loan of many photographs of injected dog heads prior 
to his published report; Dr. David Bodian of the Depart- 
ment of Epidemiology, Johns Hopkins University, for 
specially prepared heads of the rhesus monkey; Dr. and 
Mrs. Frederic A. Gibbs of the University of Illinois 
College of Medicine, who sent a collection of their venous 
injections of the cat head. The author is particularly in- 
debted to Dr. George W. Corner, who obtained the spe- 
cial grants for this study, and to Dr. George W. Bartel- 
mez for his gracious help in review of the manuscript. 


EMBRYONIC STAGES OF DEVELOPMENT 


It was desirable to divide the complex process of venous 
differentiation in the head and neck into eight stages, 
including the postnatal pattern; the process can be sum- 
marized in eight illustrations to permit correlation with 
the arteries of this region.” Although arterial develop- 
ment falls naturally into this subdivision, based on essen- 
tially one specimen of a single age group, the prolonged 
emergence of definitive venous channels covers a con- 
siderably wider range of older embryos and must be 
more arbitrarily fitted into the classification. Actually, 
reduction to eight basic illustrations is feasible only for 
the lateral view (pl. 1); more figures are needed to show 
the most important changes in the vessels as viewed at 
the base of the brain and skull (pl. 2). The introductory 
text figures for each stage, showing its typical pattern in 
correlating lateral and basal views, in some instances are 
simplified composites of several embryos of the age 
group, necessitated by certain variations in detail. Fur- 
thermore, a designated venous stage sometimes covers 
two age groups, because the arteries resemble the adult 
conformation much earlier than do the veins, at about 40 
and 80 mm., respectively; several important anastomoses 
typical of adult sinuses usually do not appear until after 
birth. Since the formation of venous channels depends 


2Tt was not expedient in the present account to depict the 
exact venous pattern for vascular stage 1 (horizon xiii) as 
previously designated for the arteries. Its essentials, however, are 
present earlier, as described for horizon xii (fig. 1B). To avoid 
repetition, the reader is asked to assume henceforth that any 
undocumented reference to the arteries is to the author’s 1948 
monograph. 


upon the more precocious arteries, certain major arteries 
are shown in most of the text figures. As each important 
sinus or vein becomes definitive, its name, whether that 
of a temporary embryonic or a permanent adult vessel, 
is emphasized by italics. The Roman numerals refer 
to the developmental horizons (age groups) determined 
by Streeter (1942-1951) for the Carnegie Collection of 
Embryos that are less than 40 mm. in crown-rump 
length. 


SracE (1 AND)? 2. Empryos or Horizon XIV 
(5 To 8 MM.) 

The first stage fully described in the present series (fig. 
2), and comparable to stage 2 of arterial development, 
consists of a relatively simple vascular plan. This plan, 
like that of earlier stages (fig. 1), is typical of vertebrate 
embryos: for instance, reptiles (Grosser and Brezina, 
1895); birds, represented by the chick (Hughes, 1934, 
and others); and mammals like the bat (Grosser, 1901) 
and pig (Sabin, 1917). The head in stage 2 shows the 
three constant pharyngeal bars (“branchial” or “visceral 
arches”), namely the mandibular, hyoid, and glosso- 
pharyngeal, each with its contained cranial nerve. Sub- 
divisions of the human neural tube at this stage indicate 
the five parts of the brain: the telencephalon and dien- 
cephalon (derived from the prosencephalon), the meten- 
cephalon or midbrain, the metencephalon and myelen- 
cephalon (derived from the rhombencephalon). Stage 2 
is characterized by the indentation of the ectodermal lens 
vesicle within the optic cup. The internal carotid artery 
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now supplies the fore parts of the brain by way of its 
cranial (anterior and middle cerebral) and caudal (pos- 
terior communicating) divisions, and the basilar artery 
is emerging by consolidation of bilateral neural arteries. 
The veins are relatively much less mature. 


Primary Head-Sinus Continuous with Anterior 


Cardinal Vein 


The head is drained by the anterior cardinal vein 
(future internal jugular vein), which meets the posterior 
cardinal vein from the body to form the common cardinal 
vein (duct of Cuvier), entering the sinus venosus of the 
primitive heart. Caudal to the roth and rath nerve roots, 
in embryos younger than stage 2, the anterior cardinal is 
continuous with a channel that lies not only medial to 
all the cranial nerve roots but, more importantly, directly 
upon the neural tube (fig. 1A). Although once con- 
sidered part of the anterior cardinal vein, or called the 
“vena capitis medialis,” this channel antedates the time 
of true circulation in the head. It is transitory, and is 
fundamentally the proliferative endothelial material 
from which both pial arteries and veins are soon derived. 
For these reasons it was renamed the primordial hind- 
brain channel (“primitive rhombencephalic vessel” of 
Sabin, 1917) by Streeter (1918). 

By stage 2 (fig. 2), the medial primordial channel has 
disappeared, but has given origin to a definitive venous 
channel in a more lateral position. This channel is still 
medial to the 5th and roth nerves, but is outside the 7th, 
8th, and oth nerves and the otocyst. It constitutes the 
first true drainage channel of the craniocervical region. 
Formerly called the “vena capitis lateralis,” the new chan- 
nel was renamed the “primitive head vein” by Evans 
(1912), and the “primary head-vein” by Sabin and by 
Streeter; in birds and mammals, it has also been called 
the “primary Stammvene” (van Gelderen, 1924; Hughes, 
1934). These terms refer to the cranial part, as opposed 
to the future upper-cervical part, of the “anterior cardinal 
vein” designated by certain other writers. 

The precise naming of embryonic vessels often pre- 
sents a problem, not clearly resolved in this instance. The 
old designations, “medialis” and “lateralis,” are often 
used for the most primitive head-veins of vertebrate em- 
bryos, but may be confusing unless it is realized that the 
later channel (“lateralis”), though lateral to the earlier 
channel (“medialis”), is not necessarily lateral to the 
nerve roots; for instance, “medialis” has been applied to 
the part of the secondary channel, ie. “lateralis,’ which 
always lies medial to the 5th nerve root. Regarding the 
most recent terms noted above, which have the weight 
of distinguished authority, one must be careful to dif- 
ferentiate exactly in early embryos between the primor- 
dial hindbrain channel medial to all the nerve roots 
(horizon xi, fig. tA), and the later “primary head-vein,” 
which is medial to the 5th and roth (horizons xii to xiv, 


figs. 1B, 2). Both have been observed simultaneously in 
the chick and pig injected iz vivo (Sabin). The primor- 
dial channel can be identified by the fact that it lies 
directly upon the neural tube and is usually represented 
after horizon xii only by veins (and arteries) of the pial 
layer. In contrast, it is soon seen that the “primary head- 
vein,” even when it remains medial to certain nerve roots, 
is dural in position. Since the present account emphasizes 
the distinction between vessels of the dural and pial lay- 
ers, and since Streeter designated the dorsal tributaries of 
the “primary head-vein” as “dural” at this stage (see 
below), this vessel will henceforth be called the primary 
head-sinus (figs. 1B, 2). 

Tributaries of anterior cardinal system. Only the major 
tributaries of the primary head-sinus are shown in the 
present illustrations. It must be understood that most of 
the neural tube is covered by a primitive capillary plexus 
(Padget, 1956, figs. 24, 27), as is well shown in the colored 
plates of Sabin and Streeter. This plexus drains laterally, 
at the dorsolateral aspect of the neural tube, into a more 
superficial venous plexus, which in turn drains into the 
head-sinus through three well defined stems in the future 
dural layer. Having a relatively constant relation to the 
nerve roots, these stems were called the “anterior, middle, 
and posterior cerebral veins” by Mall (1904), terms com- 
monly used for other vertebrate embryos. The designa- 
tion “vein,” however, is misleading, for several reasons. 
The so-called “middle cerebral vein,” for example, has 
nothing to do with the adult veins of the same name, 
which are derived later from the so-called “anterior 
cerebral vein” of this stage. In reference to the human 
embryo, Streeter grouped the superficial plexus drained 
by these “veins” of stages 1 and 2 into three parts, the 
anterior, middle, and posterior dural plexuses. The 
first part drains the forebrain and midbrain; the middle 
part, the future cerebellar region; and the last part comes 
from the medullar region near the roth nerve root. For 
simplicity, the terminal “vein” draining each plexus may 
be called the anterior, middle, or posterior dural stem, 
and figures 1B and 2 show the levels relative to the nerve 
roots at which each joins the head-sinus. Since the three 
stems have important roles in the shaping of the adult 
dural sinuses and seem to be typical in the vertebrate line, 
their fate is of considerable interest phylogenetically. 

At stage 2, only one noteworthy ventral tributary of 
the primary head-sinus appears. Typically, this vein is 
as prominent in young vertebrate embryos as the better- 
known dorsal tributaries just named, and ramifies ex- 
tensively in the emerging maxillary process. It drains 
the ventrocaudal aspect of the optic vesicle at the lens 
pit through lateral tributaries, and the olfactory region, 
cranial and lateral to Rathke’s pouch, through a medial 
vessel. The name primitive maxillary vein (cf. illustra- 
tions of chick and pig embryos in Sabin, 1917) is used 
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Fic. 1. Graphic reconstruction of two embryos of two stages earlier than those chiefly constituting the present series. Ar, 2 (Car- 
negie no. 2053, 20 somites, xi) and Br, 2, 3 (no. 5923, 28 somites, xii) show the development of the primary head-sinus from the pri- 
mordial hindbrain channel, and the emergence of the maxillary vein as drainage for the optic vesicle, supplied by the primitive in- 
ternal carotid. Some asymmetry (see stage 6) appears as the result of moderately advanced development of certain right-sided 
structures: the maxillary process (Ar, B2), degree of closure of the otic pit (Az, Br, 2), and the trigeminal ganglion (B2, 3). 
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Fic. 2. Vascular stage 2 (which begins the present series) is typical of vertebrate embryos. The head-sinus, a lateral derivative 
of the primordial hindbrain channel (fig. 1), drains the brain through three stems consistent in their relation to the nerve roots. 
The optic vesicle is drained by the maxillary vein (cf. fig. 1), medial to the 5th nerve ganglion. A ventral pharyngeal vein primarily 
curves around the heart (fig. 1) to join the common cardinal, but soon migrates cranially upon the anterior cardinal vein (A). B shows 
the increased curvatures of the head-sinus and the definition of its initial pia-arachnoidal tributaries, coincident with expansion of the 
brain and otocyst in stage 3. (Crown-rump lengths in this and the other introductory illustrations of the typical pattern in each stage 


are approximate.) 
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here in preference to “infraorbital” or “ophthalmic” used 
by other writers, if they name it at all. 

The primary significance of the maxillary vein is better 
understood by a glance at embryos younger than the 
stage under discussion. In embryo Carnegie no. 5923 of 
horizon xii (fig. 1B),* the primary head-sinus, recently 
derived from the primordial hindbrain channel, lies in 
its more primitive position medial to the 5th and 1oth 
cranial nerve roots, and has just by-passed laterally the 
otic vesicle together with the acousticofacial and glosso- 
pharyngeal nerves, which border it. At this stage the 
head-sinus is formed by the junction of two vessels of 
about equal caliber: medially, the stem of the future an- 
terior dural plexus; laterally, the maxillary vein, which 
originates from the top (superficial caudal margin) of the 
optic vesicle and courses through the bulging primitive 
maxillary process. The primary function of the maxillary 
vein, i.e. optic drainage (cf. injected chicks in Sabin’s 
pl. 6; Hughes, 1934, pl. 4), is clear in embryos still 
younger that show the plexiform components of the vein 
(horizon xi; fig. 1A). In view of its conspicuous form 
in other vertebrate embryos illustrated in the literature, 
the maxillary vein is undoubtedly a morphological con- 
stant, the development of which, even before the three 
well known dorsal tributaries of the primary head-sinus, 
corresponds to the notably early formation of the optic 
vesicle. The history of the vein is of particular interest 
in man. Although its early role of draining the eye is 
soon supplemented by other vessels and is obscured by 
the addition of several larger tributaries from other re- 
gions, the stem of the maxillary vein finally becomes that 
of all the ophthalmic and orbital veins in the adult 
(stage 7). 

The anterior cardinal vein, with which the primary 
head-sinus is directly continuous and which later con- 
stitutes the primitive internal jugular vein, is still medial 
to the roth to 12th cranial nerves, instead of lateral as in 
the mature configuration. Furthermore, it must be em- 
phasized that use of the adult designation does not imply 
the existence of an external jugular vein during early 
mammalian stages, or at any stage in many other verte- 
brates. Confusion has long existed regarding the develop- 
mental relation of the external and internal jugular sys- 
tems, probably because the external system typically pre- 
dominates over the internal in adult mammals except 
certain primates. Often called simply the “jugular” vein 
in reference to the adult of various species, the external 


jugular drains not only the face and extracranial parts, 


but also the intracranial sinuses through a temporal 
skull foramen (so-called “spurious jugular”; see stage 72). 
In such cases the internal jugular vein, together with the 


8 The head-vessels in this embryo as illustrated by Streeter 
(1942) are schematic for the purposes of his communication, and 
do not agree with the present figure. 


“true” jugular foramen, is correspondingly small or es- 
sentially absent. Nevertheless, the internal jugular, rep- 
resenting the anterior cardinal, is the primary jugular 
vein of vertebrates. The external jugular vein is its 
secondary derivative, which does not become definitive 
in man until after horizon xx (ca. 20 mm.; stage 6); at 
the early human stage under consideration, it is repre- 
sented only remotely by a ventral pharyngeal vein (fig. 2) 
draining the prominent mandibular and hyoid pharyn- 
geal bars, from which the face and neck will be consti- 
tuted. As indicated in figure 2, the pharyngeal vein 
primarily joins the common cardinal vein after coursing 
over the top of the heart, but its stem soon “migrates” * 
cranially to the anterior cardinal vein. At either position 
of exit, it is identified with the linguofacial vein (figs. 
19-22, pl. 1), a “morphological constant” in vertebrates 
(F. T. Lewis, 1909). Although the vein is primarily a 
tributary of the internal jugular, it is eventually taken 
over, entirely or in part, by the exterior jugular vein at a 
much later stage; this secondary annexation occurs to the 
greatest extent in the many mammals in which the in- 
ternal jugular dwindles in favor of the later external 
jugular (pl. 6). 


Stace 3. Empryos or Horizons XV, XVI (6 To 12 MM.) 


Externally, the most striking advance of stage 3 is the 
expansion of the frontal and maxillary regions relative 
to the mandibular and hyoid bars, together with the 
elongation of the limbs and the development of a definite 
hand plate. The optic stalk and cup, closed lens vesicle, 
and deep nasal pit characterize these embryos. The regu- 
larity in form of the pharyngeal bars has been changed 
by the marked growth of the maxillary process, the eleva- 
tion of the auricular hillocks, and overgrowth of the 
third (glossopharyngeal) bar in the formation of the 
cervical sinus. Lateral evagination of the cerebral hemi- 
sphere has clearly differentiated the telencephalon from 
the diencephalon, and the growth of the cerebellar plate 
is beginning to produce the pontine flexure. Although 
most of the arteries of the brain are represented, includ- 
ing the recent basilar artery and the first stages in the 
formation of the vertebral artery, the adult venous 
pattern is not recognizable (fig. 3). 


Elaboration of Dural Channels Joining the Head-Sinus; 
Initial Pia-arachnoidal Tributaries 

The anterior dural plexus is now considerably elabo- 

rated, in keeping with the differentiation of the more 

cranial parts of the brain. Its foremost component is the 

primitive marginal sinus (Markowski’s “marginal vein,” 

see p. 104), which borders the craniodorsal margin of 


4 Streeter (1918, p. 26) fully described the way in which ves- 
sels are shifted in the primordial plexuses, and the initiating fac- 
tors of such “migration of veins,” “spontaneous” as opposed to 
“passive.” A term he used for the former process, anastomotic 
progression, is particularly descriptive. 
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Fic. 3. Stage 3. With the development of the diencephalon, the anterior dural plexus is elaborated; its component marginal sinus 
encircles the telencephalon, expansion of which brings a diencephalic pia-arachnoidal vein into view (cf. At and B). A similar vein 
from the myelencephalon emerges (cf. Ar and B), as the head-sinus migrates lateral to the roth nerve (A), thus defining the upper end 
of the primitive internal jugular (anterior cardinal) vein. From the choroid fissure a tributary (future central vein of retina) joins the 
prominent maxillary vein; the stump of a primitive supraorbital vein (A) is elongated in stage 4 (B). 


XIt 
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the emerging cerebral hemisphere from the mid-line 
region, and includes elements of the future superior 
sagittal and transverse sinuses. Another component of 
the anterior dural plexus borders the caudoventral margin 
of the hemisphere, and may be called a telencephalic vein, 
because it drains the primordial striatal (nuclear) region; 
being dural, however, its stem represents the future ten- 
torial sinus (pl. 1). A medial tributary of the anterior 
dural plexus traverses the primitive arachnoid layer. It is 
the stem of an initial pial vein, the ventral diencephalic, 
an augmented remnant of one of many vessels, short and 
laterally directed, that connected the pial and dural lay- 
ers of earlier stages. The vein is now visible because the 
anterior dural plexus has become further removed from 
the neural tube owing to telencephalic expansion (see 
stage 4). 

Although the middle dural plexus and its stem, drain- 
ing the metencephalon, are larger and better defined, a 
more notable alteration in stage 3 concerns the stem of 
the posterior dural plexus at its junction with the head- 
sinus and the primitive internal jugular (anterior car- 
dinal) vein. The head-sinus has moved laterally to the 
toth nerve, a development foreshadowed by the venous 
ring around the nerve in stage 2 (fig. 2); this secondary 
anastomosis takes place dorsocranially to the distal fibers 
of the 11th nerve, leaving the roth nerve to enter the 
primordium of the cervical muscles. As a result, the 11th 
nerve is deviated around the cranial border of the head- 
sinus before proceeding caudolaterally, and lies just 
above the entrance of the sinus into the primitive in- 
ternal jugular vein (fig. 3). The lateral migration of the 
head-sinus is accompanied by a caudal migration of the 
posterior dural stem (cf. figs. 19, 20, pl. 1), which thus 
becomes directly continuous with the primitive jugular 
vein and will constitute the caudal end of the future 
sigmoid sinus. 

After the permanent lateral position of the head-sinus 
is established, the more medial and cranial part of the 
venous ring around the roth nerve, noted above, does not 
disappear. Since this part was derived earlier from the 
primordial hindbrain channel (“vena capitis medialis”), 
lying directly upon the brain wall, it is in position to 
receive a definitive ventral myelencephalic vein, more 
recently proliferated from the primordial channel (cf. 
fig. 3A1, B). The stem of this pia-arachnoidal vein, lying 
between the roots of the 9th and xzoth nerves, is sig- 
nificant because it much later gives origin to the inferior 
petrosal sinus. The identical position, relative to these 
nerves, of the caudal end of the adult sinus, which is 
unusual in lying outside the skull (below the jugular 
foramen), is explained by its derivation from this primi- 
tive vein extending from the pial to the dural layer (see 


stage 7). 


Primitive Internal Jugular Vein 


The anterior cardinal vein may now properly be called 
the primitive internal jugular vein, since the apparent 
descent of the common cardinal vein to the level of the 
4th or 8th cervical nerve is beginning to define the neck 
region (cf. figs. 19, 20, pl. 1). During this descent, the 
cranial end of the primitive jugular vein migrates from 
the medial to the lateral side of the roth to 12th nerves. 
Such alterations are not foreordained by the adult con- 
figuration but are determined by adjacent structures. As 
Streeter (1918) wrote, embryonic channels should not 
be thought of as busily engaged in building mature 
vessels, but as carrying on their functional activity in 
the best manner possible for the moment with regard 
to the available space and the amount of work to be done. 

A good example of the principle underlying the de- 
velopmental alterations of embryonic vessels is the 
lateral migration of the internal jugular vein and the 
head-sinus. Sections of embryos of stage 2 show that the 
head-sinus, although appearing large in diameter in pro- 
file reconstruction (fig. 2A), is actually flattened into a 
crescent (fig. 4, insert) by the prominent inferior (no- 
dosal) ganglion of the vagus around which it is detoured. 
By stage 3 (fig. 3A), the primitive internal jugular also 
appears to be subjected to mechanical compression in the 
wedge between two converging nerve roots. The separate 
roots of the 12th nerve unite, as they pass lateral to the 
primitive jugular vein, into a trunk which is closely ap- 
plied to the lateral margin of the roth nerve (at the 
caudal border of the nodosal ganglion), where these 
nerves are surrounded by a common fibrous sheath in 
the adult. Just cranial to this juxtaposition, in embryos 
of this period, a marked compression ° of the jugular is 
effected by the roth nerve in front and the 12th behind 
(fig. 4, insert). In one embryo of age group xvi (Carnegie 
no. 792), which is certainly atypical, if not abnormal, 
with reference to the head-veins, the 12th nerve is ap- 
plied, not only to the lateral, but also to the caudal, 
border of the roth nerve for a considerable distance; the 
primitive jugular vein, although conspicuous above and 
below, is not identified at all in this area. Subsequently, 
in stage 4, the confined position of the internal jugular 
vein will be overcome by its migration to the lateral side 
of the 12th nerve (fig. 5). The initial juxtaposition of 
the roth and 12th nerves also appears to block the upward 
migration of the linguofacial vein on the jugular (fig. 3). 
Figure 4 shows a detail of some of the lateral anasto- 
motic channels by way of which the jugular vein and its 


5 Good sections of well preserved embryos show an amazing 
integrity of the vessel walls consisting of but a single endothelial 
layer; even in channels empty of primitive red cells, their origi- 
nal contour seems to be smoothly maintained by the mesenchy- 
mal strands, including the loose mesh of the primitive pia- 
arachnoid. 
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linguofacial tributary shift * into a less restricted position 
“outside these nerves. 

In the preceding stage 2, the arm bud is drained by a 
plexiform tributary of the thoracoepigastric (lateral 
thoracic) vein, which joins the posterior cardinal vein 
(fig. 2.) The arm in stage 3 is in a more cranial position, 
and the hand plate is drained by a vein along its super- 
ficial border, the so-called marginal vein, which joins the 


eG 4 SS 


ment is coincident with the formation of a definitive 
upper jaw by differentiation of the maxillary process, 
and includes growth of the lateral (nasal) rim of the 
nose, which places the primitive nostril (nasal pit) in a 
more medial position. Parts of the future external ear 
can be recognized in the hillocks surrounding the 
hyomandibular groove. A distinctive advance is the 
appearance of finger rays of the hand plate. 


ANT. CARD. V. 


(INT. JUGUL. v.) 


Fic. 4. Stage 3. Details of embryo Carnegie no. 3385, 8.3 mm., xv. Note the secondary anastomoses between vessels lateral to the 
nerve roots, by means of which the parent primitive internal jugular vein, compressed between nerves (insert), “migrates” * to its 
adult position. Similarly, the linguofacial vein, accompanying the 12th nerve, is migrating cranially on the jugular to become lateral 
to the nerve. The right otic vesicle is slightly more advanced than the left, which is still attached to the skin over a wider area; the 


right head-sinus is notably larger than the left. 


primitive ulnar vein (fig. 3). The common stem formed 
by the junction of the ulnar and lateral thoracic veins, 
having now moved cranially upon either the common or 
anterior cardinal (internal jugular) vein, may be called 
the primitive subclavian vein. 


Stace 4. Empryos or Horizons XVII, XVIII 
(10 To 16 MM.) 


At stage 4, called the “postbranchial phase” because the 
row of pharyngeal bars homologous to the branchial 
arches of fishes no longer exists, the hyoid bar is more 
prominent than before, and the mandibular bar persists 
in its entirety as the lower jaw (fig. 5). “This develop- 


The more caudal parts of the chondrocranium outlin- 
ing the base of the future skull are represented in horizon 
xviii by the basioccipital plate surrounding the notochord, 
by a dense area in the position of the sella, and by the 
bilateral otic capsules. The prominent condensation of 
mesenchyme called the membranous skull radiates dor- 
sally from these primarily separate cartilages. It clearly 
defines the contiguous dural condensation, which con- 
tains the primary head-sinus with its three dorsal tribu- 
taries draining the three dural plexuses, as defined for 
stage 2. Particularly ventrally, the dural layer has be- 
come widely separated from the pial layer on the brain 
wall, in which lie the emerging pial veins and the defini- 
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Fic. 5. Stage 4. Expansion of the future hemispheres of the brain clearly separates the dural and pial layers of venous channels. 
Consequently, the numerous anastomoses traversing the primitive pia-arachnoid begin to decrease, and can thus be identified; often 
at least one such transverse vein for each division of the brain is seen in older embryos of this stage (B; cf. fig. 6). Such pia-arach- 


noidal veins become connected by longitudinal anastomoses (B), succeeded by transverse anastomoses between them (cf. fig. 8B), 
thus initiating formation of the pial venous plexus and definitive veins. 


INT. JUGUL. V. 


B. 16mm. 
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tive arteries (fig. 6); the intervening space, a relatively 
wide layer of loose mesenchyme, is the primitive 
arachnoid. 

Except for the clear demarcation of the three menin- 
geal layers, stage 4 is not notable for definitive changes 


The only prominent ventral tributary of the head-sinus 
of earlier stages, namely the primitive maxillary vein, 
borders the primitive cartilaginous sella laterally. In 
keeping with the differentiation of the upper jaw, its 
tributaries are voluminous. They include a vein from 


PINEAL 
PRIMORDIUM 


: 


(“ PRIMIT. MAX. V. 


Fic. 6. Stage 4. Embryo Carnegie no. 492 (16.8 mm., late xviii, ink injection). The insert shows the largest extracranial veins and 
the major components of the primitive dural channels (cf. fig. 5), which are omitted in the main picture above to permit view of their 
tributaries. At least two laterally directed (transverse) veins of the pia-arachnoid, which are primary, leave each division of the primi- 


tive brain. Their most distal tributaries, in part joined by secondary pial anastomoses, pass subjacent to the definitive arteries (for iden- 
tification of the arteries, cf. Padget, 1948, figs. 5a, 72). 


in dural channels (figs. 20, 21, pl. 1). The head-sinus, 
however, is paralleled dorsally by plexiform elements of 
a channel that will soon connect the anterior, middle, and 
posterior dural plexuses dorsal to the 5th nerve root and 


the otocyst (fig. 5A); its significance will be clear in the 
next stage. 


the choroid fissure in the caudoventral aspect of the 
elongated optic stalk; hence, the future central vein of 
the retina is probably already represented (see stage 7). 
This vein, now subordinate, represents the optic drainage 
to which the primary maxillary vein of stages 1 and 2 
was restricted, ic. the exclusive drainage of the optic 
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vesicle and, later, the lens region (figs. 1-3, 5). By stage 4, 
the maxillary vein receives a medial nasal tributary from 
the region of the olfactory pit and nerve, but it is the 
lateral tributaries that are most conspicuous; they ramify 
extensively in the regions lateral amd caudal to the 
maxillary branch of the 5th nerve, ie. the bulk of the 
upper jaw and the primordia of the pterygoid and 
temporal muscles (fig. 5). 

Although drainage of the optic region before this stage 
has been exclusively through the voluminous primitive 
maxillary vein caudal and ventral to the eye, a smaller 
but well defined vein now comes from the superficial 
tissues cranial and dorsal to the eye. With the exception 
of its caudal end, this primitive supraorbital vein, cours- 
ing between the frontal nasociliary branches of the oph- 
thalmic nerve, not only becomes the stem of the defini- 
tive vein, but will also constitute the major part of the 
adult so-called superior ophthalmic vein. The caudal end 
of the primitive vein entering the head-sinus or its an- 
terior dural stem is temporary; it is dorsal and lateral 
to the junction of fibers between the 4th nerve and the 
ophthalmic division of the 5th (fig. 5A). Although this 
relationship remains constant for several stages, it will 
finally be changed during the emergence of the adult 
common stem of all ophthalmic and orbital veins in 
stage 7. 

During stage 4, the definitive internal jugular vein 
completes its migration to the lateral side of the hypo- 
glossal nerve trunk; embryos of horizons xvii and xviii 
show successive steps in this transposition, the nerve 
often passing through a hole in the vein (fig. 5). At the 
same time, the proximal (jugular) end of the linguofacial 
vein is freed from its previous confinement at the juxta- 
position of the roth and 12th nerves; by secondary 
anastomotic channels (fig. 4) this vein shifts to its per- 
manent and. less-fixed position, either lateral or just 
cranial to the 12th nerve, which swings medially to 
enter the tongue primordium. The descending branch 
of the hypoglossal nerve is now joined, as in the adult, 
by fibers of the 2d and 3d cervical nerves forming the 
cervical loop (ansa hypoglossi). These findings readily 
explain the adult variations in the relation of all these 
nerves to the jugular vein (see Grant, 1951, fig. 516), 
including reported occurrences of double internal jugu- 
lar veins. The lateral migration of the jugular and its 
linguofacial tributary, the adult common facial vein, 
appears to be the result of its relative immobility in early 
stages, when it is compressed by the connections of the 
roth and rath nerves and sometimes by the upper cervical 
nerves. 

Principles Governing the Formation of Veins 
Draining the Neural Tube 


Stage 4 of the present series affords the first opportunity 
to see how the pia-arachnoidal veins are formed. Ini- 


tially, the primitive capillary network on the surface of 
the neural tube is drained, by way of numerous and 
relatively short veins near its dorsolateral border, into 
the adjacent ramifications of the more or less continuous 
anterior, middle, and posterior dural plexuses. As the 
cerebral hemisphere and cerebellar primordium enlarge, 
and as the otocyst with its cartilaginous capsule expands, 
the head-sinus with its dorsal tributaries, the dural plex- 
uses, are carried laterally, thus elongating their medial 
tributaries, the veins from the pial layer. Hence, a “cleay- 
age of blood vessels” (Streeter, 1918) results in the sense 
that most of the numerous veins once connecting the 
primitive dural and pial layers are lost (Padget, 1956, figs. 
1, 24,27). The few elongated and augmented veins that 
remain, and are directed laterally (transversely) for some 
distance, can consequently be identified (fig. 7; see also 
p- 105). Definitive veins of the pial layer are formed by 
secondary anastomoses between the pial tributaries of 
the primary transverse veins coursing through the arach- 
noidal layer. The stems of two of the primary pia-arach- 
noidal veins were identifiable in stage 3, namely the 
ventral diencephalic and myelencephalic veins (fig. 3). 
The former is usually the more easily seen as it traverses 
the loose mesenchyme representing the arachnoid; it is 
well shown in a transverse head section of this stage by 
Markowski (1922, text fig. 2), who called it the “in- 
ferior” diencephalic vein. In some late embryos of stage 4, 
and more readily in stage 5, at least one pia-arachnoidal 
vein can usually be identified for each of the five regions 
of the primitive brain: the telencephalic, mesencephalic, 
and metencephalic veins, in addition to the veins from 
the diencephalon and myelencephalon, identified in stage 
3, (figs. 3, 5, 6). Since these definitive veins emerge as 
augmented remnants in the reduction of many short 
pial-dural connections, variation in their position and 
number is inevitable. 

An excellent embryo of horizon xviii (Carnegie no. 
492, 16.8 mm.), which is injected with ink, shows funda- 
mental details in the formation of the veins of the pia- 
arachnoid, as seen in figures 6, 7B, and 8B, lateral, co- 
ronal, and basal views, respectively. Together with an 
embryo somewhat younger (fig. 8A), this embryo reveals 
pertinent details most clearly in the basal view, includ- 
ing the basilar artery (fig. 8B2), description of which 
follows. 

The actual or approaching anastomoses between the 
pial tributaries of the separate primary groups of pia- 
arachnoidal veins, named above (shown diagrammati- 
cally in fig. 5B), are seen particularly well in the recon- 
structions of embryo Carnegie no. 492 (figs. 6, 8B). 
Essentially, the secondary anastomoses are directed longi- 
tudinally and in line with each other, and thus parallel 
the basilar artery bilaterally. Secondary formation of 
such pial anastomoses furthers the reduction of the pri- 
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mary anastomoses, once multiple, between the pial and 
dural venous layers, a reduction that brings the regional 
pia-arachnoidal veins (telen- to myelen-cephalic) into 
view, subsequent to their elongation. In the present em- 
bryo, the transverse pia-arachnoidal veins have been re- 
duced in most instances to two veins that are identifiable 
for each region of the brain. 

Steps in the further reduction of the pia-arachnoidal 
veins, i.e. to essentially one regional vein in each instance, 
are particularly indicated in this embryo by the meten- 
cephalic group of veins, including their bilateral asym- 
metry (fig. 8B2). On each side, this group constitutes 
essentially two pia-arachnoidal veins, one in front of and 
one behind the 5th nerve root; their stems join chiefly 
the stem of the middle dural plexus on each side. On 
the left side of the embryo, the more cranial meten- 
cephalic vein is the favored of the two, being the larger; 
by way of the secondary longitudinal pial anastomosis 
noted above, it has annexed the pial tributary of the more 
caudal vein, the stem of which is about to disappear, 
leaving one ventral metencephalic vein, a significant 
vessel (see stage 7a). On the right side of the embryo, 
in contrast, the secondary longitudinal veins of the 
metencephalic pial layer drain more into the primary 
metencephalic vein caudal to the 5th nerve than into its 
cranial counterpart; they also join the head-sinus medial 
to the nerve. Such asymmetry shows how variations 
occur in the reduction of the pial-dural anastomoses, 
primarily numerous. 

In certain areas of the hindbrain wall, further second- 
ary pial anastomoses that are transverse, i.e. pass across 
the mid-line beneath the basilar artery (see below), have 
begun to connect the secondary longitudinal pial anas- 
tomoses formed earlier (fig. 8B2). In this way the venous 
net and the main pial veins of the cord, medulla, and 
pons are formed. The steps just outlined are similar for 
all the cerebral veins, including, in particular, the im- 
portant basal cerebral vein. Components of this vein, 
which is not recognizable until stage 7a, involve second- 
ary pial anastomoses cranially that are similar to those 
just described for the hindbrain region. 

Another basal view of this embryo (fig. 8B1) includes 
the forebrain, internal carotid artery, and internal jugu- 
lar vein. Pial tributaries of the mesencephalic veins are 
anastomosed with those of the diencephalic veins, two 
of which persist on each side (cf. figs. 6, 8). The ventral 
diencephalic vein, much better developed than it was in 
stage 3, lies on the primitive hypothalamus; it is dorso- 
lateral and subjacent to the posterior communicating 
artery, in the position of the later basal cerebral vein, of 
which it is a component; it still empties, as earlier, into 
the head-sinus. Pial tributaries of the diencephalic veins 
are anastomosed with those of the lateral telencephalic 
(adult superficial middle cerebral) vein—the first stages 


in the formation of the medial telencephalic (deep middle 
cerebral) vein, which connects the adult basal and middle 
cerebral veins. On the right side of the embryo, the 
ventral diencephalic vein empties chiefly into the stem 
of the anterior dural plexus, a typical arrangement 
before stage 6 (figs. 21, 22, pl. 1). 

Relation of pial veins to the arteries. The present 
study, based on many embryos of the previous report 
on the cerebral arteries, facilitated observations on the 
relation of veins and arteries to each other, a subject that 
apparently has received little if any comment in the 
literature, in reference to either embryo or adult. As for 
the adult brain, it is well known that the largest veins on 
its external surface are superficial to the arteries, and that 
arteries and veins in general do not accompany each 
other. Such large veins obviously are those immediately 
derived from the primitive dural plexus, specifically from 
channels in the inner dural layer that are the proximal 
ends of the primary veins traversing the arachnoidal 
layer (see below). A publication by Scharrer (1940) 
brought out an important principle regarding the extra- 
cerebral tributaries of the largest cerebral (terminal) 
veins just noted. His work includes beautiful photo- 
graphs of the surface of the cerebral convolutions of the 
adult opossum and rhesus monkey, in which the ar- 
teries and veins were injected separately with different 
colors demonstrable in half-tone photography. These 
pictures show the pial arteries and veins to comprise 
two separate precapillary networks, one lying over the 
other (see also Padget, 1956, fig. 24). It can be seen (as 
Scharrer notes in the legend to his fig. 2) that the net- 
work of veins, including some veins of relatively large 
size, is not superficial to the arterial branches, as might 
be supposed, but rather lies between the arterial network 
and the brain wall. 

The fact that pial veins typically lie medial to the 
pia-arachnoidal arteries is probably contrary to the general 
impression, as was exemplified indirectly by Scharrer’s 
discussion. His injections (starch grains, which do not 
go beyond the capillaries) proved that arteries had been 
mistaken for veins, and vice versa, by Pfeifer (1928, 1930, 
detailed studies on the adult angioarchitecture of human 
and cat brains; see also Solnitzky’s report on the monkey, 
1940); Scharrer’s finding confirmed Campbell (1938), 
who had made the same observations in regard to Pfei- 
fer’s reports. The author examined the cerebral convolu- 
tions of several human brains (newborn) with an 
excellent natural injection, which showed repeatedly the 
same relation of arteries to veins that was demonstrated 
by Scharrer for other mammals. Such evidence was sup- 
ported by observations in all the embryos of the present 
series, beginning with the stage under discussion. 

In reference to Scharrer’s report, it is also interesting 
that, even before there is any difference in thickness of 
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Fic. 7. Stages 3, 4, 6. Frontal views, reconstructed from coronal sections (same magnification): Az, 2, Carnegie no. 1121, 11.8 
mm., xvi, stage 3; B, no. 492, 16.8 mm., xviii, stage 4; C, no. 966, 23 mm., xx, stage 6. The anterior dural plexus, from which the 
sagittal and straight sinuses are derived, drains to the right side predominantly, in all. In B and C the transverse pia-arachnoidal 
veins leave the brain wall subjacent to the arteries and cross them at a right angle. The greater depth of the mesenchyme on the right 


in A and B (see p. 105) is apparently not an artifact. 
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tion). In A2 (Carnegie no. 940, 14 mm., xvii) and B2 (no. 492, 16.8 mm., xviii), the fore part of the brain and certain venous channels 
are eliminated to show fundamentals of pial venous development. Note: the secondary anastomoses forming the pial venous net and 
veins, also their pattern and position in relation to the definitive arteries; the way in which the multiple stems of primary pia-arach- 
noidal (transverse) veins, here reduced to about two from each region of the brain (telen- to myelen-cephalon), can be further re- 
duced to essentially one outlet from each region. This reduction is possible subsequent to the secondary pial anastomoses, longi- 


tudinal and later transverse, between the initial pial tributaries. 
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cerebral arterial and venous walls, certain morphologic 
differences between pial arteries and veins can, neverthe- 
less, sometimes be seen in the human embryo of about 
horizon xx. As Scharrer noted in detail regarding adult 
intracerebral vessels, there are more arteries than veins, 
but veins have more tributaries than arteries have, and 
anastomose with each other less (Padget, 1956, fig. 24). 

To return to stage 4, the embryo of figure 8B2 (xvii, 
16.8 mm.), showing the base of the hindbrain, is to be 
compared with figure 8A2, which shows the same region 
in a younger specimen (xvii, Carnegie no. 940, 14 mm.). 
In both, the basilar artery is paralleled by the bilateral 
longitudinal veins that have just developed from pial 
anastomoses between the transverse myelencephalic, 
metencephalic, and mesencephalic pia-arachnoidal veins 
as described above. In embryos preceding stage 6, par- 
ticularly those with a notable congestion of the vessels 
(e.g. Carnegie no. 940, which is atypical; fig. 8A; cf. 
Padget, 1948), it may be difficult to distinguish parts of 
certain cerebral arteries from veins: their walls as yet do 
not differ in thickness and consist of a single layer of 
endothelial cells; furthermore, such vessels are often in 
contact when crossing each other. In early stages, there- 
fore, arteries and veins can be identified with certainty 
only by tracing each from beginning to end; in the pres- 
ent study both were reconstructed in every case. Knowl- 
edge of the principles of their interrelation facilitates the 
task of distinguishing between arteries and veins and 
should help to clarify the interpretation of vascular find- 
ings in other vertebrates (e.g. the chick, Feeney and 
Watterson, 1946). 

One rule about primary vessels is that a vein and an 
artery cross each other approximately at right angles 
(figs. 6, 8B2; Padget, 1956, fig. 1). In this manner the 
bilateral longitudinal pial veins are crossed by the trans- 
verse branches of the basilar artery. Subsequently (hori- 
zon xviii and later), the secondary pial venules that 
cross the mid-line are perpendicular to the basilar artery 
(fig. 8B2). Another rule is that the pial veins lie between 
the arteries and the brain wall. Such basic relations of 
arteries to veins are also shown in a model by Markowski 
(1922, fig. 12, pl. 6), in which the bilateral longitudinal 
(“basal metencephalic”) veins are overlain by the trans- 
verse branches of the basilar artery. 

In other regions of the brain, during this and later 
stages, the same pattern of primitive veins, including 
their crossing the arteries at right angles, is observed. 
For instance, the pial tributaries of the diencephalic veins 
cross beneath the two choroid arteries, anterior and pos- 
terior; those of the mesencephalic veins cross beneath 
the mesencephalic arteries (figs. 6, 8, 11; Padget, 1956, 
figs. 24, 26). The only veins that are superficial to the 
arteries, as is shown by Markowski and the accompany- 
ing figures, are the terminal pia-arachnoidal veins (telen- 


to myelen-cephalic), which, now or earlier, pass laterally 
away from the neural tube. In most parts of the primitive 
brain, by late stage 4, these veins traverse a relatively wide 
layer of loose mesenchyme, the arachnoid, to enter the 
primitive sinuses in a layer of condensed mesenchyme, 
the dura. (These layers at the 4o-mm. stage are not clearly 
demarcated by the arachnoid membrane and subdural 
space.) Hence, the largest veins on the surface of the 
adult brain belong more to the dural than | to the pial 
layer, and are superficial to the arteries. 

In consideration of the primary relations of vessels, 
confusion must be avoided regarding the relative posi- 
tion of the primary telencephalic veins and arteries as 
they appear in most of the reconstructions (figs. 6, 8, 11; 
pls. 4A2, 5Cr). Though not so readily apparent, the 
situation is the same. The telencephalic vein drains the 
primordial striatal region in stages 3 and 4 (figs. 3, 6), 
by way of inconspicuous short remnants of primary pial- 
dural anastomoses. It never has the obviously transverse 
course of other pia-arachnoidal veins, e.g. the dience- 
phalic, because of the lesser depth of the primitive arach- 
noidal mesenchyme over the cerebral hemisphere, the 
most superficial part of the brain. Furthermore, owing 
to early cerebral expansion in all directions, the elongat- 
ing stem, or stems, of telencephalic veins are always in 
intimate contact with the dura. These veins are directly 
continuous with the tentorial sinus to be described below, 
and become the superficial group of middle cerebral 
veins. In contrast, the deep group of middle cerebral 
veins, to be enclosed within the late fetal Sylvian fissure, 
constitutes secondary pial anastomoses not clearly identi- 
fiable until stage 6 or later. They are the pial middle 
cerebral veins, which ramify beneath the proximal ends 
of the middle cerebral arteries and the brain in the 
anterior perforated area. 

The largest cerebral veins on the surface of the post- 
natal brain, including not only the superficial middle 
cerebral veins but also the immediate tributaries of the 
superior sagittal and transverse sinuses, are well known 
to be superficial to the cerebral arteries. For the reasons 
noted above, these veins are often more or less intimately 
attached to the inner dural surface for some distance be- 
fore they enter the sinus (Bailey, 1948). Only their more 
distal tributaries that form the smaller veins and the 
precapillary net on the surface of the convolutions lie 
beneath the arteries and their network of branches, as 
is shown for other adult mammals by Scharrer (1940; 
see fig. 24 in Padget, 1956). It is presumed that the rela- 
tion of the pial arteries and veins just outlined is the 
same in all mammals, and probably in all vertebrates. 
The only direct evidence known to the author, however, 
is incidentally shown by Shindo (1915) for a mouse 
embryo; here the “collateral cerebral vein” (comparable 
to the ventral diencephalic or basal cerebral vein) lies 
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next to the brain wall and is medial to two branches of 
the “cerebral carotid artery.” It is interesting that the 
dural meningeal arteries and veins also have the same 
relation to each other in respect to the structure vascu- 
larized, the membrane bones (pp. 127, 135). 

Speculation on the reasons for the primary relation 
between arteries and pia-arachnoidal veins is inevitable. 
The primitive pial veins undoubtedly represent endo- 
thelial material not utilized by the arteries, which are 
developed earlier than the veins from the primordial 
capillary net covering the neural tube (stage 2 and earlier; 
p. 83), inasmuch as the arteries are elevated from the 
primordial net as they become definitive. This sequence 
of development seems to explain the pattern of veins 
crossing beneath arteries at right angles, as is illustrated 
diagrammatically in another publication (Padget, 1956, 
fig. 27). 

While the many primary pial-dural anastomoses are be- 
ing reduced in number to result in definitive veins trav- 
ersing the arachnoid layer, they appear to be “stretched,” 
owing to the fact that the dural layer is continually be- 
ing shifted laterally by the expanding brain and related 
structures. Since the main arteries of the cranial region 
are centrally located from the beginning, their branches 
are not subject to such “pull” between origin and destina- 
tion. Although both arteries and veins of this region 
are little more than endothelial tubes before stage 7 (see 
below), the arteries are much better defined than the 
comparable veins; figures 6 and 8 show that many 
definitive branches of the internal carotid and basilar 
arteries have formed by stage 4, in contrast to the rudi- 
mentary (plexiform) venous configuration. The de- 
crease in the number of primary transverse veins from 
pia to dura characteristic of venous development (Streeter, 
1918; Padget, 1956, figs. 1, 26) initiates the formation of 
well defined pial anastomoses between the tributaries of 
those that remain. During the increasing separation of 
pial and dural layers, this secondary formation of pial 
veins might be facilitated because the primordial pial 
network is held in place on the neural tube, particularly 
before its penetration by blood vessels (under way in 
stage 2), by the relatively precocious arteries supplying 
an elevated, and thus overlying, arterial network. 

It is impossible to consider the interrelation of the pial 
veins and arteries without speculation on the formation 
of congenital arteriovenous aneurysms of the brain (see 
discussion in Padget, 1956). In view of the actual close 
contact of certain primitive arteries and veins, with walls 
of endothelium only—not until stage 7 are the walls of 
cerebral arteries definitely thicker—such anomalies might 
be expected to occur more often. Is it possible, for in- 
stance, that the typical crossing of arteries and veins at 
a right angle is a factor in preventing anomalous con- 
nections as long as certain aspects of the blood flow in 


both are normal and the integrity of the thin walls is 
maintained? In the injected embryo of horizon xviii 
(Carnegie no. 492, fig. 8Br) described above, the right 
internal carotid artery is crossed by a component of the 
ventral diencephalic vein that is about to lose its connec- 
tion with the head-sinus. This vein crosses the artery 
at a right angle in two directions—in fact, is closely 
wrapped around it. 


Sracg 5. Emsryos or Horizon XIX (16 To 21 MM.) 


At stage 5, development of the eye, nose, jaws, and 
ear has reached the point at which the human face is 
first recognizable (fig. 9). The cerebral hemisphere and 
cerebellar plate have expanded notably, and this growth, 
together with the enlargement and differentiation of the 
otic capsule, is responsible for conspicuous changes in 
the veins of the dural layer. The venous system, however, 
is far less advanced than the arteries of the brain, many of 
which are already definitive (cf. fig. 6). 

The emerging pial veins with their arachnoidal stems, 
described for late embryos of stage 4, may be dismissed 
briefly since no fundamental changes are apparent. Some 
of them can more readily be identified, however, because 
their stems that pass laterally through the primitive 
arachnoid mesh toward the sinuses have elongated (fig. 
gA1), owing to expansion of the cerebral hemisphere and, 
to a lesser extent, of the cerebellar plate (pl. 2). Such 
expansion increases the distance between the neural tube 
and the dural layer, particularly at the diencephalon and 
mesencephalon. At least five of these veins, one (or 
more) for each subdivision of the embryo brain, telen- 
cephalon to myelencephalon, can sometimes be identified 
at this time (fig. gA), and are illustrated in an injected 
embryo of late stage 4 (fig. 6). 


Involution of Primary Head-Sinus, Paralleling 
Formation of the Sigmoid Sinus 


Elements of a new longitudinal channel, which con- 
nected the stems of the anterior, middle, and posterior 
dural plexuses dorsal to the nerve roots and otic capsule 
at stage 4 (fig. 5), are now definitely consolidated (figs. 
22, 23, pl. 1). The conspicuous and continuous sinus 
thus formed is parallel and dorsal to the primary head- 
sinus, which is dwindling below the otic capsule and 
appears, in fact, to be compressed between it and the 
adjacent distal part of the 7th nerve. The new dorsal 
sinus is obviously being substituted for the more ventral 
head-sinus in the role of conveying blood from the brain 
into the internal jugular vein. The part of the secondary 
anastomotic channel between the middle and posterior 
dural plexuses, together with the main stem of the pos- 
terior dural plexus which it joins, remains virtually un- 
changed in later stages and constitutes the definitive 
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Fic. 9. Stage 5. The first definitive sinus, the sigmoid, is formed dorsal to the otocyst by an anastomosis between the middle and 
posterior dural plexuses (A). The head-sinus, thus replaced, has begun to dwindle (cf. two sides, Ar). The voluminous maxillary 
vein, draining the orbital and nasal regions, soon anastomoses with the linguofacial (ventral pharyngeal) vein to form the anterior 
facial vein (shown on left side, Ar). Note: the elongated stems of the pia-arachnoidal veins; the primary drainage of the lateral 
choroid plexus into the ventral diencephalic vein. The proximal end of the jugulocephalic tributary of the primitive subclavian vein, 


arching over the clavicle, becomes the stem of the future external jugular system. 
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sigmoid sinus. It will be seen that the posterior dural 
plexus changes less in form and connections than do 
the anterior and middle dural plexuses. According to 
Streeter (1918), it merely becomes extended to constitute 
the adult occipital sinus. More specifically, however, the 
posterior dural plexus becomes the marginal sinus of the 
foramen magnum, at the margin of which it joins the 
sigmoid sinus. The occipital sinus is the variable aug- 
mentation of anastomoses between the remnants of the 
posterior and middle (tentorial) dural plexuses of late 
fetal stages (pl. 1). 

The part of the new dorsal channel in front of the 
sigmoid sinus, between the stems of the anterior and 
middle dural plexuses, is the very primitive transverse 
sinus, now recognizable only in its connections, not in its 
position or direction. The cranial end of the channel 
near the mid-line is still plexiform, but its better-defined 
caudal end, joining the sigmoid, represents the most 
lateral part of the adult transverse sinus. It is seen (figs. 
22, 23, pl. 1) that the new sigmoid sinus, curving dorsal 
to the otic capsule and replacing the dwindling primary 
head-sinus below, must result in a change of current 
from ventral to dorsal direction in the stem of the old 
middle dural plexus. As a result, this stem is sometimes 
smaller and less definite at stage 5 than previously 
(Streeter). The stem does not disappear, however, but is 
soon augmented into the conspicuous pro-otic sinus, the 
significance of which will be clear in later stages. Pre- 
viously, the stem of the middle dural plexus (pro-otic 
sinus) drained the primitive cerebellar region ventrally 
into the temporary part of the head-sinus; henceforth, 
for several stages, but again temporarily, it will drain the 
forebrain and part of the midbrain dorsally into the 
sigmoid sinus. 

Successive stages in the emerging sinuses, just de- 
scribed with reference to the lateral view of two embryos 
of two age groups (figs. 5, 9), can sometimes be seen by 
looking at the basal view, i.e. both sides, of one embryo 
(Carnegie no. 1390) of the present stage. Such differ- 
ence is explained by the fact that the right side is typically 
a little more advanced than the left in respect to venous 
channels, a tendency observed both earlier and later (see 
stage 6). In figure gA1, the primary head-sinus on the 
left at the present stage 5 is still large as compared to its 
dwindling counterpart below the otic capsule on the 
right, and the new dorsal channel (primitive sigmoid 
and transverse sinuses) is still plexiform as in stage 4. 
The caudal end of the primary head-sinus, the part that 


®Some writers apply the term “lateral sinus” to the combined 
sigmoid and transverse (BNA) sinuses of the adult; others 
apply it only to the latter; and still others include the sigmoid 
in the term “transverse sinus.” It is not only expedient but also 
better from the developmental standpoint of all species to refer 
to each channel separately. 


now accompanies the 7th nerve outside the otic cartilage, 
is soon reduced to a small remnant in man. 

The dwindling of the human head-sinus (“vena 
capitis lateralis,” p. 83) is in contrast to the condition 
in certain vertebrates, e.g. reptiles, in which it is per- 
manently the chief drainage channel for the brain 
(Grosser and Brezina, 1895) : maintaining its direct con- 
tinuation with the (internal) “jugular”” vein, the head- 
sinus passes through a conspicuous foramen in the adult 
skull near the 5th nerve. This foramen is remotely rep- 
resented in the human chondrocranium by the prominent 
ventral gap that is later ossified in membrane to form 
the middle fossa (fig. 18). In mammals, this remnant of 
the head-sinus has often been confused (Streeter, 1918; 
quoted, e.g. by van Gelderen, 1933) with the vein of the 
spurious jugular foramen, a vessel that is not associated, 
however, with the otic part of the 7th nerve (see stage 
7a). In spite of the persistence of the head-sinus in rep- 
tiles, a secondary anastomosis between the stem of the 
middle dural plexus (“middle cerebral vein”) and that 
of the posterior dural plexus (“posterior cerebral vein”) 
does form; that is, the sigmoid sinus is represented 
as a small supplementary channel. The adult configura- 
tion is thus readily comparable to stage 4 of human 
development (fig. 5). 

In birds, embryonic venous development at first paral- 
lels that of reptiles and mammals, but later deviates from 
both. The secondary anastomosis representing the sig- 
moid sinus is formed, but, as in reptiles, it soon anas- 
tomoses with that of the opposite side in the formation 
of the “mid-dorsal head sinus” (Hughes, 1934). Unlike 
the situation in reptiles, but resembling that of mammals, 
and for the same reason, there is an involution of the 
primary head-sinus. Its caudal end, the “primary Stamm- 
vene” of the chick (van Gelderen, 1924; Hughes), be- 
comes crowded by the developing otic structures as in 
man. After being detoured dorsally, the primary trunk- 
vein is replaced, not by a dorsal and intracranial sigmoid 
sinus, but by a “secondary Stammvene” ventromedial to 
the extracranial parts of the 7th and gth nerves. This 
anastomosis connects channels comparable to the ventral 
end of the extrachondrocranial middle dural stem (the 
pro-otic “middle cerebral vein”) and the linguofacial 
tributary of the anterior cardinal (internal jugular) vein 
(cf. fig. 9). The secondary trunk-vein, like the primary 
one, is outside the avian skull, here receiving the prom- 
inent facial and orbital veins. It joins the primary (in- 
ternal) jugular, which receives the vertebral and occipital 
veins, including an “external occipital” vein that emerges 
from the skull and is comparable to the mastoid emis- 


* The unqualified term “jugular” in the literature on both the 
embryo and the adult of various species has led to confusion, be- 


cause it may refer to either jugular vein, the primary internal 
or the secondary external. 
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sary of mammalian development. Apparently, there is 
no definitive external jugular vein in either reptiles or 
birds, in contrast to the situation in mammals generally, 
wherein it becomes predominant (see below). 


Primary Extracranial Veins 


A noteworthy advance of stage 5 concerns the emer- 
gence of definitive extracranial veins. The region around 
the primitive orbit, now demarcated by the developing 
chondrocranium, is drained by two orbital veins, which 
have become almost equally prominent (fig. 9A): the 
most recent one is craniodorsal to the eye, the other 
caudoventral, and both now include ophthalmic tribu- 
taries. Earlier and later, however, these veins differ fun- 
damentally. Naming them presents a problem, because 
of lack of precise terminology for the adult orbito- 
ophthalmic veins and because of their complicated 
development (see stage 7 and pl. 1). 

In stage 3, the vein traversing the dorsal orbital region 
emerges dorsal to the primordial ophthalmic division of 
the 5th nerve, and is well developed by stage 4 (figs. 20, 
a1, pl. 1). By the present stage 5 (or 4; fig. 12), the distal 
end of the vein is associated with the supraorbital (and, 
soon, the frontal) branch of the ophthalmic nerve in the 
region supplied by the supraorbital division of the sta- 
pedial artery. An ophthalmic tributary, probably repre- 
senting a primitive dorsal (superior) vorticose vein, 
joins the dorsal orbital vein. Except for its most proximal 
end (at the head-sinus), which is temporary, the present 
dorsal orbital vein constitutes the stem of the adult 
supraorbital vein from the earliest stages; in addition, 
however, its intraorbital part constitutes the most con- 
spicuous adult vein among the superior ophthalmic 
group. In consideration of all the factors (see below), 
and granted that no simple name is adequate, the term 
primitive supraorbital vein is preferable to “ophthalmic” 
(e.g. Streeter, 1918) for this embryonic vein. 

More appropriately than in the case of the supraorbital 
vein, the stem of the vein traversing the ventral orbital 
region, namely the primitive maxillary, has also been 
called the “ophthalmic” by various writers, including 
Markowski (1922) and Thyng (1914), in reference to an 
embryo of stage 5. The maxillary vein of the maxillary 
process has emerged before stage 2, in the role of ex- 
clusive ophthalmic drainage, i.e. of the optic cup (or 
vesicle) and stalk (see stage 2). In succeeding stages, 
however, its primary ophthalmic and later orbital tribu- 
taries become more and more disguised among the other 
voluminous and plexiform maxillary tributaries, par- 
ticularly the components of the adult pterygoid plexus 
(see below and fig. 12); among them in stage 5 are in- 
cluded the primitive ventral (inferior) vorticose and 
ciliary veins, and also the future central vein of the 
retina, represented as early as stage 2. Another primi- 


tive ophthalmic remnant, which is anomalous postnatally 
(p. 116), often persists in embryonic stages; it extends 
from the cranial cavity in company with the optic nerve, 
by way of the optic foramen (fig. 14B3). 

The primitive maxillary (infraorbital) vein reaches 
the height of its development in stage 5. Although it is 
the primary ophthalmic vein, as was noted above, it now 
shares drainage of the orbit and, to a lesser extent, of 
the eye with the augmented supraorbital vein. Its major 
territory has come to include the emerging nose and all 
of the expanded upper jaw (fig. 9). Figure 12 shows that 
its most medial tributaries are associated with the naso- 
ciliary branch of the ophthalmic nerve; the prominent 
lateral tributaries come from the primordia of the 
pterygoid and temporal muscles in close association with 
motor branches of the mandibular nerve. The maxillary 
vein, therefore, which was once confined to the maxillary 
process with the maxillary division of the 5th nerve, has 
begun to invade, cranially and caudally, the territory of 
the other two divisions of the 5th nerve (figs. 19-23, 
pl. 1). This development initiates the formation of the 
future anterior facial vein in stage 6. The lower jaw is 
still drained by the linguofacial vein, consisting of two 
main divisions. The medial tributary, as before, accom- 
panies the 12th nerve to the base of the tongue, and the 
larger lateral tributary now drains structures associated 
with the mandibular division of the 5th nerve. Figure 9 
shows that a plexiform anastomosis between lateral tribu- 
taries of the linguofacial and maxillary veins has already 
formed around the outer labial margin. Among the 
many plexiform and more medial tributaries of the 
maxillary vein, the adult pterygoid plexus is already 
represented. 

Modifications in tributaries of the internal jugular 
vein are seen in figure 9. In the preceding stages, the 
only vein from the arm was caudal or ulnar in position; 
this primitive ulnar vein joined the Jateral thoracic 
(thoracoepigastric) vein to form the primitive subclavian 
trunk. An inconspicuous cranial tributary of this trunk 
in stage 3 (fig. 5) has developed into a primitive cephalic 
vein following the radial border of the arm; this vessel 
is continuous with the ulnar vein by way of the marginal 
vein outlining the hand plate. The proximal end of the 
new cephalic vein is not that of the adult, however, but 
curves cranially around the superficial aspect of the 
clavicular primordium (fig. 9). This arched part of the 
vessel, which is the temporary proximal end of the 
cephalic vein, has been called the jugulocephalic vein 
(e.g. F. T. Lewis, 1909), a name appropriate for three 
reasons: it emphasizes the temporary cervical detour 
of the primitive cephalic vein, identifies the segment 
which usually disappears after the permanent infracla- 
vicular relocation of the cephalic trunk, and suggests the 
imminent external jugular vein which will adopt the 
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discarded postclavicular part of the cephalic vein as its 
terminal trunk. 

The plexiform vertebral vein has now been formed 
comparably to its companion artery (Padget, 1954).° It 
is seen (figs. 19-22, pl. 1) that each cervical nerve is 
primarily accompanied by a cervical intersegmental vein 
(and artery), the most caudal veins joining the posterior 
cardinal vein. As elongation of the neck region separates 
the heart from the base of the cranium, the lower cervi- 
cal nerve roots appear to rise to the level of the common 
cardinal vein. Consequently, the proximal ends of the 
lower cervical intersegmental veins, like those of the 
arteries, become grouped closely together in migrating 
cranially to and upon the anterior cardinal vein (fig. 9). 
Now a secondary longitudinal anastomosis between the 
primary transverse intersegmental veins has produced a 
primitive vertebral vein, and most of the jugular ends 
of the intersegmentals have dropped out. The vertebral 
vein remains plexiform around its companion artery and 
empties into the internal jugular or the primitive sub- 
clavian vein, before the formation of the left innominate 
vein in stage 6. 

In the adult the caudal end of the vertebral vein passes 
through the transverse foramen of either the 6th or the 
wth cervical vertebra, or it may be bifid, traversing both. 
Its cranial end, together with components of the deep 
cervical vein, joins one or more of the veins around the 
foramen magnum: specifically, the primitive condylar 
(condyloid) emissary, a tributary of the sigmoid sinus; 
or, particularly if the condylar is absent, the primitive 
hypoglossal emissary, which is a tributary of the primi- 
tive myelencephalic vein (future stem of the inferior 
petrosal sinus). These emissary veins, before the emer- 
gence of the external jugular system (stage 6), drain 
extracranial structures medially through their respective 
well defined foramina in the chondrocranium. Together 
with the primitive mastoid emissary vein—its foramen, 
sometimes formed at this stage, is characteristic of 
stage 6—these emissaries will finally constitute a source 
of voluminous collateral circulation between the sigmoid 
sinus and the external jugular system of the adult. 


StacE 6. Empryos or Horizons XX, XXI (18 To 26 MM.) 


At this significant stage in vertebrate embryology, the 
head has begun to lift off the chest, the expansion of 
cerebral hemispheres and cerebellar plate has brought 
the brain flexures to the height of their development, and 
the facial region is well defined (fig. 10). In the human 
embryo the fingers have appeared, and the arm is flexed 


®The earlier study (1948) was supplemented because the 
modern substitution of the preferable term intersegmental for 
“segmental,” in reference to the arteries and veins passing be- 
tween the embryonic somites, had resulted in much uncertainty 
about the identification of the vessels involved in the formation 
of the vertebral and subclavian arteries. 


at the wrist and elbow. Arterial development is particu- 
larly marked by the major components of the external 
carotid system, which emerged in stage 5. This system 
has annexed the three branches of the temporary stapedial 
artery (from the internal carotid), which are associated 
with the three divisions of the 5th nerve; in many mam- 
mals (e.g. the cat, Davis and Story, 1943), the external 
carotid takes over additional branches of the internal 
carotid, e.g. the ophthalmic, and finally becomes pre- 
dominant to the primary carotid. 

Similarly, the basic component of the external jugular 
system has now appeared—a system that will later annex 
most of the tributaries of the internal jugular vein, over 
which it is conspicuously predominant in many mam- 
mals. In man, although the tributaries of the primary 
head-sinus and, more variably, the primitive linguofacial 
(common facial) tributary of the internal jugular be- 
come anastomosed with the external jugular, they are 
only partly taken over by it. Apparently this stage is a 
crossroad in the development of craniocervical vessels, 
particularly the veins. From here on, in different species 
the growth of the brain relative to that of the face and 
neck determines which carotid and jugular systems, in- 
ternal or external, will predominate in the adult; this 
concept is illustrated in plate 6. 


Pro-otic and Tentorial Sinuses 


Two major primary sinuses, prominent throughout 
fetal life, become clearly defined at this stage. Their his- 
tory explains the fate of the typical primitive channels 
they represent, namely the stems of both the anterior and 
middle dural plexuses (stage 2). As was described in 
stage 5, the stem of the posterior dural plexus is stable in 
contrast to the two stems just named; it is merely aug- 
mented to form the caudal end of the sigmoid sinus. 

The head-sinus, which the three dural stems originally 
joined, has essentially disappeared in stage 5 with the 
exception of its short segment (lateral wing of the future 
cavernous sinus) medial to the 5th nerve. A small rem- 
nant, however, accompanying the 7th nerve extracra- 
nially and immediately ventral to the otic capsule 
(fig. toA), must be emphasized for these reasons: it is 
the only remains of the primary drainage vessel of the 
head region, typical of vertebrates, which is permanently 
retained in this capacity in the pattern of reptiles (see 
stage 5); it must not be identified, as has been done for 
stage 5 and later (p. 124), with the primitive temporal 
emissary vein of the foramen jugulare spurium, the aug- 
mented counterpart of which becomes the permanent 
major exit for intracranial blood in many mammals 
(pl. 6). Study of the developing vasculature of the ear 
region showed that the caudal remnant of the head-sinus 
in stage 5 is incorporated into the veins accompanying 
the superficial petrosal and the stylomastoid arteries, 
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Fic. 10. Stage 6. The superficial middle cerebral veins, partic ularly on the right (Ar), now drain dorsally through the tentorial 
sinus into a component of the future transverse sinus; as a result, the anterior dural stem is dwindling. With the disappearance of 
the caudal part of the head-sinus, the veins from the eye region drain dorsolaterally through the middle dural stem, now called the 
pro-otic sinus. Note (Az) that the primitive sagittal and straight sinuses both drain more to the right side. The new anterior facial 
vein (cf. A and left side Az) is annexing lateral tributaries of the maxillary vein, and is about to anastomose with a cranial (external 


jugular) tributary of the jugulocephalic vein. 
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which anastomose with each other in accompanying the 
intraosseous course of the 7th nerve (Padget, 1956). 

In the augmented stem of the middle dural plexus, 
the blood flow has presumably undergone a reversal, 
from the former head-sinus, which was ventral, to the 
new sigmoid sinus, dorsally situated. The stem now 
constitutes the pro-otic sinus. Markowski (1911, 1922) 
called this prominent and constant dural channel the 
pro-otic “vein,” but Mall (1904) and Streeter (1918) 
thought it to be the superior petrosal sinus. Grant- 
ing that the present position of this channel bordering 
the craniodorsal aspect of the superior semicircular canal 
(fig. 10) does suggest the latter inference, such an error 
is explained by a prevalent lack of information regard- 
ing the two channels thus confused: the prominent 
remnant of the pro-otic sinus as usually found in the 
late fetus or infant, and the medial end of the adult 
superior petrosal sinus (the part connecting it to the 
cavernous sinus), which is both secondary and incon- 
stant. Although the most caudodorsal (lateral) end of 
the pro-otic sinus is in the position of the adult superior 
petrosal sinus, which it later constitutes, its greater part 
has a different course. This course is more cranial than 
dorsal to the crest of the otic capsule, and is extracranial 
in reference to the chondrocranium. Furthermore, the 
pro-otic sinus leaves the cavernous sinus ventral and 
medial to the trigeminal ganglion at the origin of its 
mandibular division (pls. 1, 2). In contrast, the sec- 
ondary medial end of the adult superior petrosal sinus, 
never in contact with the mandibular nerve, is usually 
formed dorsal and lateral to the 5th nerve root; the com- 
munication, moreover, between the superior petrosal 
and cavernous sinuses is a late secondary development 
(see stage 7a), which often does not occur until after 
birth, if at all, and is absent in mammals generally. The 
significance of the pro-otic sinus will be clear in later 
stages when it gives origin to the middle meningeal 
sinuses (dural veins), elements of which can already be 
seen lateral to the trigeminal ganglion (fig. 10). The 
name pro-otic, as used hereafter, will include for sim- 
plicity the last remaining short segment of the primary 
head-sinus (“vena capita lateralis”) of stages 1 and 2. 
From this segment, which has always been medial to 
the trigeminal ganglion, the cavernous sinus is derived 
during stage 7. 

Comparison of figures 22 and 23 (pl. 1) shows that the 
pro-otic sinus, unlike the former middle dural stem it 
represents, does not chiefly concern drainage of the brain. 
Instead, it is the direct outlet for two extracranial veins, 
the supraorbital (superior ophthalmic) and the maxillary. 
The reason for this situation is that the once volumi- 
nous stem of the anterior dural plexus has dwindled to 
an insignificant channel or has disappeared. The blood 
from the fore parts of the head and brain, which hereto- 


fore drained ventrally through this stem into the head- 
sinus, now goes dorsally into the lateral segment of the 
primitive transverse sinus. 

Concomitant with the definition of the pro-otic sinus, 
another important embryonic channel, to be called here 
the tentorial sinus, becomes prominent. This sinus, rep- 
resented earlier in the anterior dural plexus by a channel 
that drains telencephalic pial-dural tributaries, has be- 
come longer and more conspicuous (pl. 1). It borders 
the caudoventral aspect of the cerebral hemisphere, and 
receives not only the superficial and deep telencephalic 
(middle cerebral) veins but also the ventral diencephalic 
vein. The tentorial sinus of stage 6 (fig. 10) was called 
the “tentorial vein” by Markowski (1911, 1922) and the 
“inferior cerebral vein” by Streeter (1918). It must be 
emphasized, however, that the channel is dural, not 
pial, in position. Lying just superficially to the 3d and 
4th nerves, it accompanies them for some distance 
through the primitive tentorium, which is now repre- 
sented by a relatively wide wedge of condensed mesen- 
chyme separating the cerebral hemisphere from the cere- 
bellar plate. The phylogenetic significance of the 
tentorial sinus will be discussed in stage 7a, after its 
subsequent elongation coincident with the expansion of 
the caudal part of the brain (cf. figs. 22, 23, pl. 1). For a 
long time, sometimes permanently, the sinus is the only 
drainage for the largest veins of the cerebrum; before 
the formation of the basal cerebral vein (stage 7a), it 
also drains the diencephalon and the corpus striatal 
region. 

The venous pattern of stage 6 (fig. 10) indicates the 
fate of the three prominent stems of the primitive dural 
plexuses, leading to the head-sinus, which were formed 
in stages 1 and 2 (before 8 mm.). The posterior stem 
(sigmoid sinus) is permanent, and the middle one (pro- 
otic sinus) often persists throughout fetal life, leaving 
definitive postnatal remnants. In contrast, the stem of 
the anterior dural plexus is temporary and is usually 
dwindling or absent at stage 6. Streeter thought, how- 
ever, that the anterior dural stem represents the adult 
communication, as commonly described, between the 
middle cerebral (telencephalic) veins and the cavernous 
sinus (Streeter, 1918, fig. 27, pl.5; p. 29). His interpreta- 
tion again reflects a prevalent failure to appreciate cer- 
tain details of human and comparative anatomy: the 
middle cerebral veins of many adult mammals drain ex- 
clusively to the junction of the sigmoid and transverse 
sinuses, or their counterparts, through a channel that 
represents the present tentorial sinus; a homologous re- 
tention of this arrangement is regularly found in the late 
human fetus or newborn and often in the adult (see 
stage 7a). 

® This must be distinguished from the postnatal tentorial sinus 


of Gibbs and Gibbs (1934), which drains cerebellar veins (see 
stage 7a, p. 133). 
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Only in general may it be said that the “middle cere- 
bral” veins of the early human embryo empty by way of 
the anterior dural stem into the “cavernous sinus,” since 
this sinus will be derived in stage 7 from the primary 
head-sinus (pl. 2). This anterior stem later becomes 
anchored cranially by the sheath surrounding the juxta- 
position of the 4th and 5th (ophthalmic) nerves (figs. 
21-24, pl. r). As such, it cannot represent the inconstant 
and secondary adult communication between the cavern- 
ous sinus and middle cerebral veins, which is lateral to 
the 4th nerve and borders the lesser sphenoid wing 
(fig. 39, pl. 2). Furthermore, at the present stage 6 the 
anterior dural stem usually has either dwindled consid- 
erably or has disappeared. The result is that the middle 
cerebral veins now drain dorsally, instead of ventrally, 
into the new primitive transverse sinus by way of the 
tentorial sinus. 

The tentorial sinus must not be confused with the 
tentorial plexus, an appropriate name (Streeter) for the 
combined anterior and middle dural plexuses of pre- 
ceding stages; from the former, the tentorial sinus was 
earlier derived (cf. figs. 20-23, pl. 1). Whereas the ten- 
torial plexus is gradually reduced during caudal cerebral 
expansion and the elaboration of the major adult sinuses 
(pl. 1), and is finally represented by the adult torcular 
(confluence of sinuses), the tentorial sinus remains 
prominent throughout fetal life, and not infrequently 
later. 

Coincidently with the loss of the stem of the anterior 
dural plexus and the compensatory development of the 
tentorial sinus emptying into the primitive transverse 
sinus, a second forebrain vessel belonging to the tentorial 
plexus has come into conspicuous view, namely the mar- 
ginal sinus. This channel, bordering the dorsocaudal 
margin of the emerging cerebral hemisphere, was identi- 
fied in stage 3 (cf. figs. 20-23, pl. 1), but now appears to 
be the direct continuation of the primitive transverse 
sinus to the mid-line (fig. 10). Although called for sim- 
plicity the medial component of the transverse sinus, the 
marginal sinus is not a stable vessel, as was fully dis- 
cussed by Streeter (1918): for some time, as the hemi- 
sphere expands, it will be replaced by succeeding anasto- 
moses with more caudal loops in the tentorial plexus. 
By stage 6 the marginal sinus (“anterior marginal vein” 
of Markowski, 1911, 1922) meets that of the other side 
in a plexiform anastomosis, named the sagittal plexus by 
Streeter, which lies between the cerebral hemispheres 
and constitutes the elements of the future superior sagit- 
tal sinus and its derivative, the inferior sagittal sinus. 
From now on, it will be simpler to refer to the more 
precocious and stable lateral part of the primitive trans- 
verse sinus and the shifting marginal sinus as one, 
namely the primitive transverse sinus. 


Asymmetry of Venous Channels, Notably in the 
Tentorial Plexus (Torcular) 


Consecutive stages (figs. 20-23, pl. 1) show that the 
anterior and middle dural plexuses become consolidated 
in the condensed mesenchyme representing the ten- 
torium, and together constitute a tentorial plexus at 
stage 6. Typically, the tentorial plexus, which includes 
the sagittal plexus just noted, does not drain equally 
to the right and to the left sides. Instead, asymmetrical 
drainage is indicated by the relative size of the two trans- 
verse sinuses, specifically, of the marginal sinuses con- 
stituting their proximal (medial) ends: that on the left 
is often still notably plexiform, whereas that on the right 
is better defined and is the larger, because it receives 
most of the drainage of the primitive superior sagittal 
sinus (plexus)—a common adult pattern. A deep com- 
ponent of the sagittotentorial plexus is the future straight 
sinus, a continuation of the primitive internal cerebral 
vein, which is an irregular channel lying on the mem- 
branous roof of the diencephalon. This mid-line channel 
(fig. 10) drains the choroid plexus of both lateral ventri- 
cles at the interventricular foramina (of Monro) and, 
it should be noted particularly, also empties into the 
larger primitive transverse (marginal) sinus on the right. 
The configuration, in other words, is the opposite of that 
in a typical adult, in which predominant drainage of the 
straight sinus is to the left side. Streeter (1918) stated 
that the primitive sagittal sinus, derived from the sagittal 
plexus, drained more to the right side in 16 of 18 em- 
bryos from 17 to 80 mm. long. This configuration was 
noted by the author in most of these and in 9 other speci- 
mens within this range; furthermore, Streeter’s observa- 
tion of left-sided drainage could not be confirmed in the 
2 specimens so designated. He noted that no explana- 
tion had been advanced for this interesting asymmetry. 

According to the present study, it appears that the 
tendency toward venous asymmetry at the torcular, 
which is evident even earlier (stages 3, 4, fig. 7), depends 
upon the developmental alterations of the great veins 
leading to the heart, as summarized in plate 3. Initially, 
these veins are almost bilaterally symmetrical (pl. 3A). 
By stage 2 (5 to 8 mm.), although the right common 
cardinal vein still empties directly into the right atrial 
section of the heart, the left reaches it somewhat less 
directly by way of a channel caudal to the heart tube. 
At first, this embryonic sinus venosus (represented by the 
adult coronary sinus) is relatively wide and short. 
Owing to the differentiation of the heart, it is soon forced 
to elongate; while also becoming relatively reduced in 
size, it takes a marked curve from the front toward the 
back of the chest before entering the right atrium 
(pl. 3B). During and after stage 6 (horizons xx, xxi), 
the considerable subcardiac detour of the blood from the 
left side of the head can be counteracted to a variable 


DEVELOPMENT OF THE CRANIAL VENOUS SYSTEM IN MAN 105 


extent by a secondary anastomosis—namely the forma- 
tion of the left innominate vein, which connects the two 
internal jugulars (anterior cardinals) cranial to the heart 
(pl. 3E). Initial stages of this new channel are seen 
earlier, at stage 5 (horizon xix), as a plexus of small 
veins in the mid-line just cranial to the arch of the 
aorta (pl. 3D). These thymicothyroid veins, right and 
left, which drain the corresponding primordia, empty 
into the internal jugulars near the level of the subclavian 
veins. As was noted by Anikew (1909) and by Thyng 
(1914) in embryos of stage 6, one of these vessels en- 
larges to become the transverse left innominate vein, 
which receives the inferior thyroid veins in the adult. 

The secondary left innominate may eventually permit 
almost as direct access to the heart for blood from the 
left side of the head as that from the right; this, however, 
is not typical of man. The ultimate difference, ana- 
tomically, of drainage on the two sides conceivably de- 
pends upon the variable length and direction of the 
secondary left innominate vein in the adult (see pl. 6; 
Padget, 1956, fig. 23). 


It was not possible within the limits of the present study 
to explore the occurrence of venous asymmetry and possibly 
related factors in any orderly or conclusive way, and the 
observations below are merely for the record. The tendency 
of the veins, particularly near the top of the head, to drain 
more to the right than to the left side was most obvious and 
consistent at stage 6 in the present series. Whenever a dif- 
ference was seen in either younger or older specimens, drain- 
age to the right invariably predominated (figs. 7, 10B). Fur- 
thermore, it was noted that venous development tends to be 
a little more advanced on the right in embryos before hori- 
zon xxi, as shown in figures 1, 4, 7, 11, and 12. 

Such observations raised the question whether there are 
any other dissimilarities on the two sides, especially in those 
embryos that definitely show the asymmetry in drainage. Es- 
sentially no disparity was detected in most cases, but, in a 
few, certain structures on the right side appeared to be some- 
what more advanced than those on the left. Only particu- 
larly well preserved embryos, sectioned symmetrically and 
enlarged sufficiently in photographs for reconstruction, can 
demonstrate minor disparities, such as were detected in 
several younger embryos of this series. Here, the following 
factors provide a gross index to growth: (1) reduction of 
the opening of the otic pit to form the vesicle; (2) approxi- 
mation of the optic vesicle to the skin stimulating the lens 
formation; (3) the relative size of these vesicles, of the 
nerve roots, and of the emerging maxillary process; and 
(4) the depth of the mesenchyme in general. In reference 
to such indices, the disparities found invariably suggested a 
certain lag of development on the left side, as shown in 
figures 1, 4, and 7. 

Whether or not structural asymmetry is related to that of 
the veins noted above, including patterns which permit the 
anterior dural plexus to drain predominantly toward the 
right side (fig. 7), is problematical. No comparable dis- 
crepancy in the arteries happened to be observed in any em- 


bryo, although the arterial pattern frequently differs in de- 
tail on the two sides. 


Modification and Reduction of Pia-arachnoidal Veins 


The intracranial venous system of stage 6 shows rela- 
tively minor advances in the cerebral veins, of which 
the conspicuous and constant ventral diencephalic vein 
is the most noteworthy. Expansion of the brain and 
elaboration of the sinuses described above have brought 
about not only an elongation and a change in direction 
of this transverse pia-arachnoidal vein, but also an ap- 
parent change in its dural exit, now the tentorial sinus 
(figs. 10, 11). Fundamentally, however, the tentorial 
sinus is a part of the anterior dural plexus in which the 
diencephalic vein has terminated from its beginning in 
stage 2. As seen in the basal view of stage 6, the recent 
pattern has occurred only on the right side of the em- 
bryo, which is the more advanced from the venous stand- 
point (fig. roAz). On the left, although the telencephalic 
veins now empty into the tentorial sinus, the ventral 
diencephalic vein empties, as more primitively, into the 
stem of the anterior dural plexus, which is still large 
compared with that on the right. On either side, the 
ventral diencephalic vein now drains not only the more 
ventral diencephalon but also the voluminous choroid 
plexus of the lateral ventricle. In fact, this ventral 
choroid drainage is primarily more marked than the 
dorsal route through the primitive internal cerebral vein 
(fig. 10), as discussed for stage 7. 

The ventral diencephalic vein is often augmented at 
stage 6 by a dorsal diencephalic vein (“lateral dien- 
cephalic vein,” Markowski, 1911, 1922) from the more 
caudal, dorsal, and lateral aspects of the primitive thala- 
mus (fig. 11). Other findings include elaboration of the 
superficial lateral and deep medial telencephalic veins; 
there are often two (dorsal and ventral) mesencephalic 
and metencephalic veins. The stem of the mesencephalic 
vein (or veins), at its proximal junction with the ten- 
torial plexus, usually disappears, as does that of the 
dorsal diencephalic at the transverse sinus after its tribu- 
taries are annexed by the ventral diencephalic vein, or 
vice versa. Similarly, the ventral metencephalic vein 
often annexes tributaries of the dorsal metencephalic, 
when present, to form one conspicuous stem (essentially 
the superior petrosal sinus of stage 72), which empties 
into the pro-otic sinus at its junction with the sigmoid. 
The ventral diencephalic vein may remain prominent for 
some time, but finally (ca. 80 mm.) its stem of exit in 
the tentorial sinus is lost in most cases (pl. 5C). 

As was discussed in stage 4, and by Streeter (1918), 
cranial venous development is characterized by a dimin- 
ishing number of channels draining the pial venous sys- 
tem into the dural system (see Padget, 1956, figs. 1, 26). 
The reader must not be confused, therefore, by the fact 
that more of these transverse connecting veins are often 
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Fic. 11. Stage 6. Embryo Carnegie no. 966, 23 mm., xx, showing the typical relation of the primitive pial veins to the definitive 
branches of the internal carotid and basilar arteries. Two (or more) pia-arachnoidal veins from each region of the primitive brain are 
often identifiable. Their number becomes reduced as one of a pair annexes another, resulting in a single stem (cf. fig. 8), eg. the 
ventral diencephalic vein, which joins the tentorial sinus. Note the different patterns on the two sides (reversed for comparison 
with other figures): the stem of the left common facial vein, as primarily, joins the internal jugular (insert); on the right, the stem 
has been annexed by the jugulocephalic vein, a component of the later external jugular vein. 
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readily visible at stage 6 (18 to 26 mm.) than previously. 
Such duplication of the regional veins (telen- to myelen- 
cephalic), even though not always identifiable in earlier 
stages, is not a secondary development in a strict sense, 
but rather represents the persistence of primary vessels, 
which are secondarily visible, but are eventually lost in 
most instances. Many pial-dural veins, relatively short 
and small, exist originally near the dorsomedial margins 
of the dural plexuses. These veins are reduced as the 
dural plexuses become smaller in elaboration of the 
sinuses, and as the dural layer becomes more and more 
separated from the pial layer. Those veins that remain 
are rendered more conspicuous as they become larger 
and longer in traversing the arachnoidal layer. Thus, 
although their number has been diminishing, it may 
appear to be maximum at the present stage. Hereafter, 
the stems of most of these veins will also drop out after 
secondary pial anastomoses between them have formed 
the definitive pial veins—a process coincident with the 
gradual reduction of the primitive tentorial and posterior 
dural plexuses, which constitute the adult torcular and 
the marginal sinus of the foramen magnum, respectively 


(figs. 23-26, pl. 1). 


Emergence of External Jugular System; Factal Veins 

By horizon xx the chondrocranium is prominent at the 
base of the brain (W. H. Lewis, 1920) and surrounds 
most of the cranial nerve roots; it is most advanced in 
the basioccipital and temporo-occipital regions, including 
the large otic capsule. Thus, the components of the intra- 
cranial venous system just described and the extracranial 
veins, which present notable changes in the developing 
face and neck, are readily distinguishable. Figures 21 to 
23 (pl. 1) show that the new anterior facial vein has 
formed as follows: a prominent lateral tributary of the 
linguofacial vein has anastomosed at the outer labial 
angle with a posterolateral tributary of the maxillary 
vein, the stem of which is now considerably reduced in 
size. Caudal to the mandibular division of the 5th nerve, 
the anterior facial vein receives from the superficial tem- 
poral region a strong tributary representing the adult 
vein of the same name or, as it is sometimes called, the 
posterior facial vein. Hence, the embryonic linguofacial 
tributary of the internal jugular vein may now be called 
the definitive common facial vein (fig. 11). After anasto- 
mosis with the anterior facial vein, the lateral tributary 
of the dwindling maxillary vein constitutes the definitive 


deep facial vein (fig. 10). The cranial end of the anterior . 


facial vein, which develops near the bridge of the nose in 
association with the frontal and nasociliary branches of 
the ophthalmic nerve (fig. 1oAr), also anastomoses with 
the primitive supraorbital (superior ophthalmic) vein at 
the inner angle of the eye during this stage or the next 
(fig. 13). This emissary connection through the orbit 


between intracranial and extracranial veins is particularly 
significant in the adult configuration. 

Figure 12 shows that the stem of the primitive maxil- 
lary vein, the lateral tributaries of which are being an- 
nexed by the new anterior facial vein, undergoes a 
marked reduction before stage 6 (figs. 20-23, pl. 1); its 
medial tributaries drain the optic nerve, nasal cavity, and 
pharyngeal roof. A remnant of one of its very primitive 
optic tributaries of stages 1 and 2 sometimes persists (cf. 
figs. 14B2, Bz). In one injected embryo (Carnegie 
no. 460, xx, 2t mm.), this vessel ramifies intracranially 
around the cerebral end of the optic nerve before accom- 
panying it through the optic foramen. It should be 
noted that the maxillary vein does not accompany the 
maxillary nerve through the foramen rotundum, now 
definitive in the primordial temporal wing of the chon- 
drocranium (W. H. Lewis, 1920); instead, the vein is 
substantially medial to this cartilage, and borders the 
margin of the sella turcica at the site of the medial end 
of the future infraorbital fissure (cf. pl. 4Az). 

As is generally known, and is well illustrated by F. T. 
Lewis (1909) and the Grant AZlas (1951), some, or most, 
of the adult tributaries of the common facial vein may 
empty into the external jugular vein, or sometimes into 
its anterior jugular tributary. The common facial (lin- 
guofacial) vein of the embryo, however, primarily joins 
the internal jugular (stages 2 to 6). Not until stage 6 
(averaging 22 mm.) does the external jugular vein begin 
to emerge. Clearly, therefore, communications between 
the common facial and external jugular veins are sec- 
ondary; they are present in stage 7, although variable 
(fig. 13). 

Comparison of figures 22 and 23 (pl. 1) shows how the 
external jugular vein is formed. A small cranial tribu- 
tary of the primitive cephalic vein in the arm at stage 6 
(fig. 9) has grown larger in the differentiating tissues of 
the neck, and joins the jugulocephalic vein craniodorsal 
to the cartilaginous clavicle, which is now surrounded by 
a venous ring (fig. 10). The caudoclavicular part of this 
ring is a new anastomosis whereby the definitive cephalic 
vein overcomes its jugulocephalic detour and becomes 
directly continuous with the subclavian vein, now defini- 
tive. The old proximal end of the primitive cephalic 
vein, which is the craniodorsal part of the clavicular 
venous ring, may be recognized as the trunk of the adult 
external jugular vein. The part of the venous ring 
ventral and superficial to the clavicle, ie. the jugulo- 
cephalic segment of the primitive cephalic vein (p. 100), 
often dwindles at stage 6 (fig. 10) and is usually lost. 

Cases of atypical retention of the jugulocephalic vein 
in the adult are illustrated by F. T. Lewis (1909; see also 
fig. 1068 of the Toldt Aélas, 1941). Similarly, the adult 
cephalic vein may join either the external jugular vein 
or its anterior jugular tributary (sometimes definitive as 
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Fic. 12. Two embryos of late stage 4 and stage 6 (same magnification): A and Bz, frontal views of coronal reconstructions of 
Carnegie no. 492, 16.8 mm., xviii, and no. 966, 23 mm., Xx, respectively; B2 is a correlating basal view of no. 966. Note the volumi- 
nous maxillary vein (A), which includes infraorbital tributaries. By horizon xx (Br), the primitive supraorbital vein has become de- 
toured dorsal to the juxtaposition of the 4th nerve with the ophthalmic nerve, established earlier (A); this indirect course precedes a 
secondary anastomosis whereby the stem of the maxillary vein will become that of all the adult orbital veins (cf. fig. 14). Owing to 
secondary annexation of its lateral tributaries by the new anterior facial vein, the stem of the maxillary vein dwindles (B), a develop- 
ment more advanced on the right side of this embryo. 
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a small vessel at the present stage) cranial to the clavicle. 
Remnants of the embryonic venous ring around the 
clavicle may also persist (F. T. Lewis), so that the adult 
subclavian is either double or passes between the clavicle 
and subclavius muscle. Plate 3E (coronal view of 
stage 6) shows bilateral asymmetry: on the left of the 
embryo, which is typically somewhat less advanced from 
the venous standpoint than the right side (see above), 
the stem of the external jugular, joining the supraclavicu- 
lar (jugulocephalic) arch of the primitive cephalic vein, 
is ill defined and has no anastomosis with the common 
facial tributary of the internal jugular; on the right side, 
the external jugular stem not only is well developed but 
has annexed essentially all the tributaries of the common 
facial vein, the origin of which is represented by a small 
twig of the internal jugular (fig. 1rA1). The secondary 
anastomosis between the external jugular and common 
facial veins, which is sometimes seen at this time and is 
regularly found in stage 7 (fig. 13), is commonly repre- 
sented in the adult by a prominent channel; often called 
the posterior facial vein, the anastomosis is also desig- 
nated as part of either the superficial temporal or the 
external jugular vein. 

The considerable adult variety in detail of these veins, 
well illustrated in diagrams by F. T. Lewis (1909), can 
now be understood. Lewis emphasized that the linguo- 
facial, later common facial, tributary of the internal 
jugular is a primary constant in mammals (and other 
vertebrates). In species except certain primates, it gives 
up most of its tributaries to the secondary external jugu- 
lar coincident with a secondary retrogression of the 
internal jugular vein (pl. 6). In adult man, however, 
its derivatives, notably the anterior facial, lingual, super- 
ficial temporal, and internal maxillary veins, are com- 
monly drained by both jugular systems, the external and 
internal. 


Srace 7. THRESHOLD oF Frerat Pzriop (ca. 2Y%4 Mos. 
AND 40 MM.) 

The change in designation from embryo to fetus, al- 
though somewhat arbitrary, is useful in denoting the 
acquisition of essentially all the characteristics recog- 
nizable in later life. By the 4o-mm. stage, the cranial 
arteries that radiate from the completed circle of Willis 
are readily comparable to those of the adult. Whereas 
the pattern of these arteries, arising near the mid-line, 
will not be essentially changed by the great expansion 
of the cerebral and cerebellar hemispheres yet to come, 
that of the venous channels, except in the face and neck, 
awaits many major alterations before recognizable ma- 


turity (fig. 13). 
Superior Sagittal Sinus and Primitive Galenic System 


In previous stages, only one component of the adult 
sinuses has become definitive—the sigmoid. Although 
the whole length of the primitive transverse sinus is out- 


lined in the tentorial plexus, its course is opposite to 
that of the adult (figs. 22-24, pl. 1). Its lateral end join- 
ing the sigmoid sinus is well defined, but its less- 
advanced medial segment, the marginal sinus, is still 
being transferred caudally; this process, called anasto- 
motic progression (spontaneous migration),* is possible 
in the meshes of the tentorial dural plexus, or, more spe- 
cifically, its cranial component near the mid-line, the 
sagittal plexus. This process initiates the formation of 
the superior sagittal sinus, described by Streeter (1918). 
As the cerebral hemispheres grow caudally and become 
approximated at the mid-line over a greater area, the 
marginal sinuses, which follow their dorsocaudal borders, 
join in a mid-line anastomosis. Like several other mid- 
line vessels derived from bilateral channels, notably the 
basilar artery, the superior sagittal sinus emerges by a 
combination of two processes: the unequal or alternate 
enlargement of the channel of one side with a dwindling 
of the opposing vessel; and, to a lesser extent perhaps 
(Streeter), a coalescence of the bilateral channels. As 
was discussed above, the sagittal sinus drains more into 
the right transverse sinus than into the left in all the 
embryos of this series (fig. 7), as it frequently does in 
the adult. Since its dural sheath is still histologically 
immature, the typical triangular shape of the adult sinus 
in cross section is not seen until much later. The sinus 
receives a number of ill-defined tributaries, remnants 
of the anterior dural plexus, on the dorsocaudal con- 
vexity of the hemisphere. Sometimes identifiable is the 
anastomosis between one or more of these primitive 
superior cerebral veins and the superficial middle cere- 
bral (telencephalic) veins that represents the great anas- 
tomotic vein, or veins (of Trolard, 1868), commonly 
described for the adult. In contrast to their secondary 
pial tributaries, the stems of these major veins, im- 
mediately derived from the anterior dural plexus, are 
superficial to the arteries of the cerebral convexity (see 
stage 4). 

Another differentiation of the mid-line sagittal plexus 
includes the first stages in the establishment of the 
Galenic system of intracerebral drainage. The primitive 
straight sinus, continuous with the primitive great cere- 
bral vein (of Galen), leaves the membranous dien- 
cephalic roof near the pineal primordium (fig. 13). Like 
the primitive sagittal sinus, a plexus that drains pre- 
dominantly to the right from its earliest stages, the chan- 
nel representing the straight sinus also drains chiefly to 
the right side in the embryos of the present series. Al- 
though this configuration is compatible with the history 
of all the related channels until this time, the adult 
straight sinus is usually described as draining more to 
the left, i.e. to the side opposite that of maximum drain- 
age of the superior sagittal sinus, as described in stage 6. 
An intermediate stage in the secondary transference of 
more drainage to the left side, which presumably occurs 
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Fic. 13. Stage 7 (when the arteries resemble the adult configuration; cf. pl. 4A2). Although the ventral diencephalic vein 
continues to drain the lateral choroid plexus (At, B), its dorsal drainage is established by way of the superior choroid vein, the 
only primary tributary of the primitive internal cerebral vein. The new cavernous and inferior petrosal sinuses are medial extensions 
of the pro-otic sinus and myelencephalic vein, respectively. The stem of the maxillary vein has become that of all the definitive 
orbito-ophthalmic veins. Anastomoses have occurred between components of the new external jugular vein and the primitive emissary 
veins. Note the elongation of the tentorial sinus (cf. Ar with B of stage ya) coincident with expansion of the hemisphere. 
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in many cases, is shown in Streeter’s illustrations (1918, 
figs. 7-9) of the formation of the superior sagittal sinus; 
in the last stage pictured (a 54-mm. fetus), the primitive 
straight sinus has developed a relatively equal connection 
with each transverse sinus. It is here postulated (p. 104) 
that the early tendency of the mid-line venous channels 
which belong to the sagittal and tentorial plexuses to 
drain more toward the right side depends upon the tem- 
porary ventrocardiac detour, through the sinus venosus, 
of the blood in the left internal jugular vein in reaching 
the right cardiac atrium (pl. 3). The left innominate 
vein, formed in stage 6, reduces this detour to a variable 
extent in man and certain other mammals; it is a late 
development phylogenetically (McClure and Silvester, 
1909). 

The degree of persistent asymmetry of the sinuses at 
the torcular in the adult conceivably depends on that of 
the two innominate veins, since these develop differently: 
the vein on the left is a secondary anastomosis in its 
entirety; at first it is in transverse position and is rela- 
tively long, in contrast to the vein on the right, which is 
merely a segment of the primary anterior cardinal (in- 
ternal jugular) vein (pl. 3), and hence is vertical. The 
relative length and direction of the two innominates, 
therefore, can vary considerably in the adult of different 
individuals and species; they are essentially symmetrical 
in mammalian types (McClure and Silvester). On evi- 
dence based in part on cases of persistent left superior 
vena cava (e.g. Halpert and Coman, 1930; Halpert, 
1942), it is assumed that, the more nearly symmetrical 
the innominates become, the greater is the tendency 
toward equalization of drainage of the veins leading to 
the torcular (Padget, 1956, fig. 23). Since the developing 
straight sinus empties into the mid-line remnants of the 
tentorial plexus, ic. the future torcular, it is in better 
position than the longer transverse sinuses, in the dwin- 
dling lateral parts of the tentorial plexus, to compensate 
for the primary inequality. Accordingly, a typical adult 
torcular in man appears to be one in which the superior 
sagittal sinus passes somewhat more to the right, and 
the straight sinus similarly to the left, with accessory 
channels, ic. remnants of the tentorial plexus, on the 
contralateral sides. 

At stage 7, the channel representing the combined 
primitive straight sinus and great cerebral vein of the 
adult is formed by the junction of a bilateral vein, the 
primitive internal cerebral. It must be understood that 


this vein, so named for convenience, is not definitive in 


the present series (under 80 mm.) in respect to either 
its adult position or its tributaries. Essentially, it is the 
continuation of a prominent superior choroid vein in the 
voluminous choroid plexus now almost filling the lateral 
ventricle, over which the hemisphere is a thin shell. Con- 
versely, in the adult, the superior choroid vein is an 


inconspicuous tributary of the internal cerebral vein, 
formed by the junction of the septal vein (of the septum 
pellucidum) with the terminal (so-called thalamostriate) 
vein, which includes superior striate tributaries. Not 
until the formation of the corpus callosum and changes 
in the hippocampal complex at a stage beyond the pres- 
ent series is the internal cerebral vein enclosed within 
the brain, nor does it receive, with one exception, any 
intracerebral tributaries; they emerge later in response 
to the relatively great increase in the substance of the 
cerebral hemisphere. 

The present drainage of the choroid plexus of the 
lateral (and third) ventricle into a superior choroid vein 
is secondary. At first, the choroid plexus, originating 
near the interventricular foramen (of Monro), is drained 
ventrally by way of an inferior choroid vein, a tributary 
of the prominent ventral diencephalic vein (figs. 9, 10). 
These veins will be incorporated into the later basal 
cerebral vein and its well defined inferior ventricular 
tributary (stage 7a). Apparently, the earlier inferior 
choroid vein is more or less annexed by the later superior 
choroid vein, while the internal cerebral tributaries are 
becoming predominant during cerebral expansion; anas- 
tomosis between the internal cerebral and basal cerebral 
veins by way of their choroid tributaries is frequent in 
the postnatal configuration. 

Primitive patterns showing the Galenic system of in- 
tracranial drainage in stage 7 are well exemplified by an 
excellent embryo of 39 mm. with an unusually good 
natural injection (Carnegie no. 6203; photographs of the 
sections, X25, facilitated graphic reconstructions, which 
unfortunately are among those that could not be in- 
cluded here). The corpus striatum, protruding into the 
ventrolateral aspect of the ventricular cavity, is drained 
ventrally, as primarily, by inferior striate tributaries of 
the anterior cerebral and deep middle cerebral veins, 
which are secondary pial derivatives of the primary 
superficial middle cerebral veins, shown in figures 33 
and 34 (pl. 2). The thickened diencephalic wall, pro- 
truding into the narrowed third ventricle, is drained 
bilaterally by about six well defined tributaries of the 
dorsal diencephalic vein, sometimes annexed at stage 6 
or 7 by the ventral diencephalic vein, definitive earlier 
(cf. figs. 10, 11). 

The only exception in this embryo to the primary 
drainage of the basal nuclear masses ventrally into com- 
ponents of the future basal cerebral vein (stage 72) is in 
the region of the interventricular foramen. It must be 
noted that the primitive internal cerebral vein is still 
extracerebral. Lying in dorsal contact with the epithelial 
diencephalic roof (future choroid membrane of the third 
ventricle), it is in contact with brain tissue, namely the 
diencephalon, only at the interventricular foramen. Here 
the vein receives one intracerebral tributary from the 
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region of the anterior thalamic nucleus. This tributary, 
probably comparable to the adult “deep vein of the 
thalamus” (Browning, 1884) or to the “epithalamic vein” 
of Schlesinger (1939), but not of Bedford (1934a, 2, in 
reference to the dog and rhesus monkey), may be called 
the primitive deep thalamic vein. 

The single intracerebral (thalamic) tributary of the 
primitive internal cerebral vein, as it is found in the 
39-mm. embryo identified above, is a clue to the way in 
which the conspicuous adult terminal vein is probably *° 
formed at a later stage. At the interventricular foramen, 
this vein (unlabeled in fig. 13A), between its exit from 
the anterior thalamic region and its junction with the 
primitive internal cerebral (superior choroid) vein, lies 
for an appreciable distance in the pia-arachnoid still 
separating the primitive thalamus and corpus striatum. 
These two structures, primarily parts of the diencephalon 
and telencephalon, respectively, will become united by 
the increase of the internal capsule fibers which spread 
over the lateral surface of the thalamus as the lentiform 
nucleus extends caudally. Although it is well known 
that the adult internal cerebral vein, once extraventricu- 
lar, is secondarily enclosed within the brain in a double 
fold of pia-arachnoid, an extraventricular derivation of 
the terminal vein is much less obvious in the adult, be- 
cause it is covered by ventricular ependyma and its main 
stem also by the terminal stria (Spalteholz Azlas, 1937, 
fig. 720), which outlines the thalamostriate groove. In 
the 39-mm. embryo, a large venous plexus, bordering the 
internal cerebral veins on the epithelial diencephalic roof, 
lies adjacent to the hippocampus, which then extends 
caudally from the region of the interventricular foramen. 
This plexus anastomoses cranially with the stem of the 
thalamic vein, and caudally with the primitive internal 
cerebral. How it is possible for a derivative of this plexus 
to become enclosed in the floor of the lateral ventricle 
may be visualized in connection with embryonic stages 
in the secondary juxtaposition of the primitive thalamus 
and caudate nucleus, as illustrated by Hamilton, Boyd, 
and Mossman ** (1952, fig. 326). 


10 A definitive conclusion could not be reached, because the 
meninges concerned had been distorted by technical procedures 
in the few early fetuses available for this study. 

11 Regarding their description, however, it was noted by Dr. 
George W. Bartelmez (personal communication) that what 
appears to be a “fusion” of the hemisphere and diencephalon is 
a thickening of the ventricular wall, at the dien-telencephalic 
sulcus, as the internal capsular fibers begin to pass through it. 
Hence, any enclosure of the terminal vein is not likely to occur 
within this sulcus. More probably, an extraventricular vein is 
enclosed within the choroid membrane of the third ventricle, in 
association with the development of the rhinencephalic complex, 
of which the terminal stria is a part. There is one other possi- 
bility. If it should be found that the veins of the ventricular 
walls (which include the transverse and longitudinal caudate 
veins of Schlesinger; see Padget, 1956, p. 315) result from sec- 
ondary anastomoses between the primary veins stemming from 
the embryonic ependymal layer, the terminal vein itself con- 
ceivably may be formed in the same way. Furthermore, it may 
be that most of the proximal tributaries of the terminal vein (as 


Sometime after the 80-mm. stage, the secondary termi- 
nal vein (not identified in the present series) receives the 
superior striate veins, which conceivably represent an 
annexation of certain inferior striate tributaries of the 
ventral diencephalic vein, well established at stage 7. 
Postnatally, there is some evidence (Padget, 1956) of a 
secondary anastomosis between the superior and inferior 
striate veins. In the 39-mm. embryo described above, 
one of several well defined ventral (inferior) striate veins 
is particularly long and prominent; it is also notable for 
its symmetrical configuration bilaterally. Its distal end 
coursing longitudinally through the primordial caudate 
just beneath its craniodorsal (intraventricular) surface 
is in the position, therefore, of the subependymal caudate 
tributaries of the adult terminal vein that receive the 
superior striate and other intraventricular veins. Such 
a vein could readily be involved in a later secondary 
anastomosis with the Galenic internal cerebral system, 
which is completed relatively late in cerebral venous 
development, paralleling cerebral dominance. 


Inferior Petrosal and Cavernous Sinuses 


The advanced growth of the chondrocranium and the 
beginning development of the frontal, parietal, and oc- 
cipital components of the membranous skull at this stage 
(Macklin, 1921) lead to the emergence of the permanent 
derivatives of the pro-otic sinus. Its most lateral tribu- 
taries, associated with branches of the new middle 
meningeal artery, drain the primitive dura and adjacent 
bones, and are components, therefore, of the middle 
meningeal sinuses, to be discussed for stage 7a (figs. 13, 
15; pl. 4). Of particular importance now are the new 
medial derivatives of the pro-otic sinus, the definitive 
inferior petrosal and cavernous sinuses, which appear 
simultaneously. 

Although no well defined venous channel in the posi- 
tion of the inferior petrosal sinus is seen before the pres- 
ent stage 7, it is interesting that the adult trunk of the 
sinus, typically lying between the roots of the gth and 
roth nerves, appeared much earlier in stage 3. This 
trunk, which in all stages joins the internal jugular vein 
extracranially, represents the segment of the primary 
head-sinus that originally passed from the lateral aspect 
of the otocyst and the 9th nerve to the medial side of 
the roth nerve during the transitory stage when the 
sinus lay between the roth to 12th nerves and the brain 
(figs. 19, 20, pl. 1; figs. 27-30, pl. 2). After the head- 
sinus and the primitive internal jugular vein, continuous 
with it, are shifted outside the roth nerve by way of 
secondary anastomoses (fig. 4), the former trunk of the 
sinus is retained as the stem of a transverse pia-arach- 


precisely defined, only that part of the vein related to the 
terminal stria) that are prominent grossly in the ventricular 
walls result from a subependymal elongation of the primary 
embryonic veins as the cerebral hemisphere expands. 
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noidal vein from the medulla. Relatively early, this 
ventral myelencephalic vein, which drains the neural 
tube between the 6th and roth nerves, also receives com- 
ponents of other adult veins, the hypoglossal emissary 
and the vein of the cochlear aqueduct. Just distal to 
these tributaries between 20 and 40 mm., the myelen- 
cephalic vein receives a dural plexiform collateral that 
extends ventrocranially in the angle of secondary junc- 
tion between the well developed otic and basioccipital 
cartilages. Thus is clarified the trabecular conformation 
of the inferior petrosal sinus, now in definitive position, 
as shown in plate 4. 

At the level of the 6th nerve root, which it surrounds, 
the emerging inferior petrosal sinus is continuous with 
another new plexiform channel medial to the trigeminal 
ganglion. Derived from the medial side of the pro-otic 
sinus, this plexus surrounds the carotid artery at the 
level of the hypophysis (fig. 15; pl. 4). For the first time, 
therefore, one may properly speak of a primitive cav- 
ernous sinus, although the part of the pro-otic sinus that 
is always medial to the 5th nerve ganglion, and is the 
sole remaining segment of the primary head-sinus of 
initial stages, has often been so designated (Streeter, 
1918; and others). This conspicuous primary sinus is 
always notably lateral to the carotid artery and is 
smoothly outlined, however, and thus cannot represent 
the trabecular cavernous sinus through which the carotid 
and nerve roots pass in the adult—a singular anatomical 
configuration which can now be explained. The new 
cavernous and inferior petrosal sinuses, located medially 
and ventrally, will provide a more direct caudal exit (to 
the internal jugular vein) for the orbital venous blood 
than does the lateral, and soon devious, pro-otic sinus 
(cf. figs. 31-37, pl. 2). The zntercavernous sinuses (form- 
ing the circular sinus) and the basilar sinus (plexus) of 
the adult are merely the mid-line plexiform extensions 
already beginning to anastomose the bilateral cavernous 
and inferior petrosal sinuses, respectively (pls. 3, 4). 


Modifications of Intra- and Extra-cranial Channels 

The alterations in the pia-arachnoidal veins resulting 
from cerebral growth, especially their trunks entering 
the dural sinuses, are notable in stage 7 (figs. 23, 24, 
pl. 1). The superficial middle cerebral veins, belonging 
more to the dural than to the pial layer, are particularly 
prominent. Their stem is joined in front of the optic 
nerves by a pial tributary from the mid-line, which is the 
primary component of the anterior cerebral and deep 


middle cerebral veins, and receives the inferior striate - 


veins referred to above (fig. 13A1). All these cerebral 
veins, including the prominent ventral diencephalic vein 
with its strong inferior choroid tributary, are directly 
continuous with the tentorial sinus, which has been con- 
siderably elongated. Curved around the ventral margin 
of the future temporal lobe in following the course of the 


3d and 4th nerves, the sinus is now unmistakably en- 
closed within the primitive tentorium. Through it the 
dorsal diencephalic and mesencephalic veins pass lat- 
erally to join components of the still immature medial 
end of the transverse sinus, after forming in each case a 
characteristic dorsal arch (figs. 11, 13). Their stems are 
often smaller at their entrance into the primitive dura 
surrounding the sinus, thus presaging their ultimate dis- 
appearance. Secondary anastomoses between some of the 
pial ramifications of these separate veins (see stage 4) 
foreshadow the emergence of the basal cerebral vein 
during stage 7a. It must be emphasized that, as before, 
all the veins of the brain empty directly into the sigmoid 
sinus. The cavernous sinus, just formed, plays no part in 
cerebral drainage; it is merely a secondary caudal outlet 
for the veins of the orbit, by way of the new inferior 
petrosal sinus. 

The primitive venous communication between the 
tentorial sinus (draining the middle cerebral veins) and 
the pro-otic sinus (component of the cavernous sinus at 
this stage) is by way of the primary stem of the anterior 
dural plexus. This stem dwindled during stage 6 and 
is usually not found later (figs. 19-23, pl. 1). Its excep- 
tional late retention, however, has led to errors of identi- 
fication of important related vessels, as will be seen. 

One 43-mm. embryo (Carnegie no. 886) of stage 7 is 
atypical in that the anterior dural stem has persisted as a 
small channel on the right side (pl. 4A2, unlabeled ves- 
sel connecting pro-otic and tentorial sinuses). Moreover, 
a large channel representing the same primary channel 
on the left side of this embryo still drains the middle 
cerebral veins, as originally, into the pro-otic sinus (see 
also Streeter, 1918, fig. 27, pl. 5); in keeping with this 
pattern, the tentorial sinus, which usually at this time 
connects these veins dorsally with the transverse sinus, 
is relatively small. The atypical configuration of this 
specimen, particularly on the left, is probably responsible 
in part for Streeter’s (1918) impression that the termina- 
tion of the middle cerebral veins in the cavernous sinus, 
although inconstant even in the adult, is an early pri- 
mary connection. In his illustration of the same embryo, 
the prominent channel on the left labeled “cavernous 
sinus” is not medial but lateral to the trigeminal ganglion 
(not illustrated by Streeter, but see pl. 4A2). As such, it 
cannot represent the adult sinus. It does represent plexi- 
form anastomoses sometimes occurring between the pro- 
otic sinus (middle dural stem) and the anterior dural 
stem, which lie upon the lateral surface of the ganglion. 

Anastomoses similar to those just noted in stage 7 
may occur in earlier stages, as shown by Mall (1904, 
fig. 13, pl. 3, in an embryo of horizon xviii), who erro- 
neously thought ** that they represented first stages in 

12 ‘The material of the Carnegie Collection begun by Dr. Mall 


was itself in an embryonic stage in 1904 and thus was barely 
adequate for his brief but often-quoted report. 
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the formation of the primitive transverse sinus. He 
noted the fact that the cranial nerves, from the 5th to 
the 12th, very early “wander through” the “anterior 
cardinal vein” (head-sinus; see p. 83) during its trans- 
position from their medial to lateral aspects, as described 
for the present stages 2 to 4. The 5th nerve ganglion 
alone is not extensively involved in this general migra- 
tion, probably because it is a relatively large mass super- 
ficially situated, and because the head-sinus is anchored 
medially by its voluminous and constant maxillary tribu- 
tary (pl. 1). At this level the head-sinus may share, how- 
ever, in the tendency toward lateral migration, as wit- 
nessed by the small anastomoses just noted. The atypical 
dilatation of one of these vessels on the left side of the 
43-mm. embryo is accompanied not only by a corre- 
sponding dwindling of the segment of the pro-otic sinus 
medial to the trigeminal ganglion, but also by the reten- 
tion of the anterior dural stem; the 4th nerve, usually 
outside the stem, passes through it in this instance. This 
pattern results in drainage of the middle cerebral veins 
into the pro-otic sinus, and thus directly into the sigmoid, 
not the cavernous, sinus. Since the atypical channel is 
lateral to the trigeminal ganglion, drainage is essentially 
the same as in the typical pattern of middle cerebral 
veins that terminate in the tentorial sinus; both routes, 
leading into the transverse sinus, are lateral to the 
ganglion (pl. 4B). 

In conclusion, the embryo described above is no excep- 
tion to the typical history of the outlet of the superficial 
middle cerebral veins (pls. 1, 2): They first empty into 
the primary head-sinus (later pro-otic sinus), which is 
the lateral component of the future cavernous sinus. By 
the time the definitive cavernous sinus emerges, the 
primary communication, i.e. the anterior dural stem, has 
been lost. A similar communication, but in a notably dif- 
ferent position, is finally regained in an indeterminate 
number of cases by a late secondary anastomosis, usually 
postnatal (fig. 18C, D). 

The external jugular system, which emerged during 
stage 6, already resembles the adult conformation, far in 
advance of the intracranial venous channels (fig. 13), 
as can best be summarized by reference to the consecu- 
tive stages shown in plate 1. To be noted are the sub- 
clavian and external jugular veins with their major tribu- 
taries, including secondary anastomoses with ophthalmic 
and emissary veins. With growth of the lower jaw and 
the concomitant elevation of the external ear, the new 
external jugular has anastomosed with the definitive 
superficial temporal vein, continuous with the posterior 
facial tributary of the anterior facial vein. By way of this 
secondary anastomosis, the external jugular often be- 
comes the chief drainage of the superficial vein and may 
even annex the primary common facial stem from the 
internal jugular (pl. 3E, F). 


Veins of Orbit 


A notable advance in the extracranial veins is the 
belated formation of the permanent stem of all the or- 
bital veins, including the ophthalmic, of which the adult 
superior ophthalmic (so-called, BNA) is the major or- 
bital component. In the outline below, it can be seen that 
these veins, briefly noted in stage 5, have a complicated 
development recalling that of the ophthalmic artery 
(fig. 14). Understanding of this development is further 
complicated by inexact terminology regarding the adult 
vessels. 

Most of the dorsal orbital part of the primitive supra- 
orbital vein, which emerged in stage 4 (fig. 5) and later 
also constitutes the chief superior ophthalmic (orbital) 
vein (pls. 1, 2), is permanent; its stem, however, is tem- 
porary. In stage 5 (or late stage 4) the course of this vein 
is still direct, but its proximal end at the head-sinus has 
become wedged against the dorsocaudal aspect of the 
tissue surrounding the juxtaposed 4th and 5th (oph- 
thalmic) nerves, as shown in figures 9 and 12A. By 
stage 6 (figs. 10, 14A), shifting and unequal growth 
including the orbital structures have resulted in a cir- 
cuitous course for the same vein. The course, best seen 
in a coronal view (fig. 12B1), is obviously the result of 
the anchoring of the vein by the approximation of the 
two nerves. Furthermore, a consideration of adult anat- 
omy in this region shows that the primitive course, 
which is dorsal to all the orbital nerve roots and caudal 
to the juxtaposition of the 4th and 5th nerves within the 
region of the cavernous sinus, would be even more 
devious if it persisted after formation of the anterior 
clinoid process and lesser sphenoidal wing. 

At the present 4o-mm. stage, the devious primary 
trunk of the primitive supraorbital vein of earlier stages 
is replaced. Medial to the 4th and 5th (ophthalmic) 
nerves, a secondary anastomosis joins the supraorbital 
vein with the stem of the primary maxillary vein (fig. 
14A, Br), which, by stage 6, has lost most of its tribu- 
taries to the anterior (and deep) facial vein (fig. 12). 
Since two vessels, previously continuous, i.e. the stems 
of the primitive supraorbital vein and of the anterior 
dural plexus (figs. 23, 24, pl. 1), have both disappeared, 
the stem of the old maxillary (infraorbital) vein kas be- 
come the outlet of all the adult veins of the orbital region 
into the cavernous sinus. Some of the medial maxillary 
tributaries, which have always drained the caudoventral 
parts of the eye and orbit, are incorporated as the so- 
called inferior ophthalmic veins of the adult (see below). 

With the definition of the permanent stem of all the 
orbital veins, it can be understood why the adult superior 
ophthalmic vein—since it is also the early primary stem 
of the supraorbital vein, it is the best developed and most 
constant vein of the orbit—typically does not join the 
cavernous sinus in the upper lateral extremity of the 
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Fic. 14. Reconstruction of details around the right eye in three embryos of two stages (same magnification). A, lateral view of 
Carnegie no. 966, 23 mm., xx, stage 6; Br, 2, 3, no. 886, 40 mm., stage 7, viewed from the right, in front, and below, respectively; 
C, no. 6203, 39 mm., stage 7, viewed from below. At horizon xx (A) the orbital region is drained by two veins, one dorsal orbital 
and supraorbital, the other ventral orbital and infraorbital or maxillary. By 40 mm. (B1, 2, 3), the most proximal end of the primitive 
supraorbital vein, detoured by the junction of the 4th and ophthalmic nerves (A), has disappeared (Br); a new anastomosis joins it 
to the stem of the maxillary vein, which thereby becomes that of all the adult orbital and ophthalmic veins. The secondary anastomosis 
between the orbital and anterior facial veins is among the earliest of the emissary connections. 
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superior orbital fissure, although its course is dorsal and 
then lateral to the orbital structures, including the com- 
mon tendinous ring (of Zinn). Instead, the end of the 
vein, a secondary anastomosis noted above, follows the 
outer edge of the orbital fissure to its lowest medial 
extremity, where it joins the cavernous sinus ventral to 
all orbital structures. Development shows that the adult 
outlet of the superior ophthalmic vein could more pre- 
cisely be called the common orbital (orbito-ophthalmic) 
vein, comprising two main divisions, superior and in- 
ferior orbital, with respective ophthalmic tributaries. 
This common trunk is medial to the foramen rotundum, 
ie. to the maxillary division of the 5th nerve, a structure 
that, even before stage 2, has marked the level of the 
maxillary vein, which the trunk represents (pls. 1, 2). 
The true inferior ophthalmic veins, contained within the 
cone of muscles, are, of course, augmented remnants of 
the maxillary vein. Outside the muscle cone, the infe- 
rior orbital veins, usually included in the adult group 
designated inferior “ophthalmic,” are also primary maxil- 
lary remnants; they may include infraorbital, facial, 
ethmoid, and nasal tributaries. A very primitive oph- 
thalmic tributary may persist (figs. 14B2, B3) as a vestige 
of the early stages when the maxillary vein was the only 
drainage of the optic stalk, vesicle, and cup (figs. 19-21, 
pl. 1): the dilated, tortuous remnant of this vein, emerg- 
ing from the intracranial cavity by way of the optic fora- 
men under the nerve (fig. 14B3), was seen by the author 
in an abnormal juvenile brain (congenital arteriovenous 
aneurysm; cited in Padget, 1956). 

According to Mann (1950), no central retinal vein ac- 
companying the hyaloid artery (later central artery of 
the retina) is seen until the third month. Its stem, how- 
ever, appears to be represented very early (stages 1, 2) 
among the tributaries of the primitive maxillary vein 
that first ramify at the base of the optic vesicle (fig. 1) 
and later receive a vessel from the choroid fissure in the 
ventral part of the optic stalk (figs. 2, 3,5). The adult 
retinal vein is said to join the cavernous sinus, and to 
have a communication with the superior ophthalmic 
vein (Wolff, 1954), or to be a tributary of either; such 
variation accords with the developments just described, 
but the vein is a primary tributary of the common or- 
bital, ic. the maxillary, vein. Similarly, reports that the 
adult stem of the inferior ophthalmic veins enters the 
cavernous sinus either alone or together with the supe- 
rior ophthalmic vein are readily explained by the variable 
size and form of the adult cavernous sinus, which forms 
secondarily from a plexus, and by the position of the 
secondary anastomosis of stage 7 that joins the supra- 
orbital (superior ophthalmic) vein to the stem of the 
primitive maxillary (infraorbital) vein. Since the result- 
ing common orbital (ophthalmic) vein may be very 
short, the adult superior and inferior ophthalmic veins 
may appear to enter the sinus separately. 


The intrinsic veins of the primitive embryonic eye, 
including the annular vessel of the pupil and the chorio- 
capillary net on the optic cup (Mann), all drain pri- 
marily into the primitive maxillary (infraorbital) vein 
of stages 1 and 2 (under 8 mm.), which is before any 
supraorbital vein is present (figs. 1, 2). Voluminous 
orbital anastomoses often obscure specific vessels (fig. 14), 
but primitive vorticose veins could be identified in two 
embryos of late horizon xviii and xx (stages 4, 6, fig. 
12B2) : the craniodorsal tributary joins the primitive su- 
perior ophthalmic, and the caudoventral one joins the 
primitive maxillary vein (“inferior ophthalmic vein” of 
Mann, who pictures the latter veins diagrammatically 
between 13 and 18 mm.). 


Emissary Veins 


The emergence of the definitive emissary veins can be 
seen during stage 7. A frontal tributary of the primitive 
supraorbital vein anastomoses with the anterior facial 
vein at the inner angle of the eye, thus constituting the 
relatively constant angular (nasofrontal) vein (fig. 14); 
dorsal extensions in the scalp plexus (see below) of the 
superficial tributaries of the primitive supraorbital vein 
(figs. 22-24, pl. 1) form the definitive frontal and supra- 
orbital veins. In various mammals below the primate 
level (Dennstedt, 1904; and others), such emissary com- 
munications incorporating the orbital veins develop to 
the extent that these veins drain more laterally into the 
external jugular system, by way of the facial vein, than 
medially into the atrophic internal jugular, by way of 
the cavernous sinus. In the human embryo of stage 6, 
an anastomosis between the primitive maxillary vein and 
the emerging anterior facial vein formed the deep facial 
vein (fig. 10). Since the stem of the old maxillary vein 
of stage 7 is now the permanent stem of all the orbital 
veins, as just described, the deep facial vein has become 
its tributary at the caudolateral margin of the orbit, and 
will pass through the adult inferior orbital fissure. Com- 
municating with the pterygoid plexus, derived from the 
medial components of the voluminous maxillary vein of 
the early stages, the deep facial vein is the most proximal 
tributary of the adult stem of the common orbital vein 
(so-called superior ophthalmic stem) before its junction 
with the cavernous sinus. 

With the formation of all essential elements of the 
external jugular system, of the dural sinuses, and of 
veins in the chondrocranial foramina in the present 
4o-mm. stage, the other emissary veins become defini- 
tive. It must be understood that the primitive emissaries 
of earlier stages (figs. 21-23, pl. 1), so called for con- 
venience, drain extracranial structures medially into the 
primitive sinuses; the chondrocranium develops around 
their stems, thus forming the emissary foramina. Now 
that secondary anastomoses with the new tributaries of 


DEVELOPMENT OF THE CRANIAL VENOUS SYSTEM IN MAN 117 


the external jugular vein are being formed, flow in the 
emissaries can be reversed peripherally. 

As was noted above in the order of development of 
their foramina, the primitive hypoglossal emissary was 
the first to appear in stage 4 (fig. 5). It drains veins 
around the upper spinal cord medially into the ventral 
myelencephalic vein. This also constitutes a definitive 
emissary, namely the stem of the future inferior petrosal 
sinus, as soon as the jugular foramen is completed (late 
stage 4); it joins the internal jugular vein below its 
foramen. In stage 5 (fig. 9), the primitive condylar 
(condyloid) emissary drains the more superficial vessels 
around the upper spinal cord, which include components 
of the deep cervical and vertebral veins, into the sigmoid 
sinus at the level of the posterior dural plexus (adult 
marginal sinus of the foramen magnum). By stage 6 
(fig. 10), the primitive mastoid emissary from the 
primordia of the occipital muscles drains into the sig- 
moid sinus just cranial to the conspicuous stem of the 
posterior dural plexus. These emissaries will constitute 
an important collateral between intracranial venous 
channels and veins around the vertebral column, by way 
of the external jugular system (Batson, 1940, and others). 
Whereas the recent anastomosis of the cavernous sinus 
with the anterior and deep facial veins, by way of the 
common stem of all orbital veins, represents an adult 
emissary, neither the orbital fissures, superior and in- 
ferior, nor the middle fossa are clearly demarcated in 
the fetal chondrocranium, or completed in bone until 
much later. 

Formation of the cavernous sinus at stage 7 clarifies 
the origin of the remaining emissary commonly found at 
the base of the adult skull, the sphenoid emissary (of the 
foramen ovale). As early as stage 3 or 4 (figs. 3, 5), the 
dorsal pharyngeal vein, a tributary of the primary head- 
sinus, accompanies the great superficial petrosal nerve. 
When the head-sinus disappears ventrally to the laby- 
rinth, the pharyngeal vein becomes a tributary of the pro- 
otic sinus (fig. 15A). By stage 7 it drains medially into 
the cavernous sinus, a medial derivative of the pro-otic 
sinus (fig. 15B, C). The vein becomes truly emissary 
when its lateral tributaries, already ramifying around 
the carotid artery as in the adult, anastomose with the 
deep facial tributaries of the primitive maxillary vein 
that comprise the adult pterygoid plexus. 

Successive stages of the embryonic dorsal pharyngeal 
vein also clarify the origin of the inconstant and acces- 


sory sphenoid emissary (of the foramen of Vesalius; - 


fig. 15). Though usually minute, this vessel is of interest 
because it explains the occurrence of its not-uncommon 
adult foramen, which lies just cranial and medial to 
the foramen ovale (Cunningham, 1951; Morris, 1953). 
Since neither of these sphenoid foramina occurs in em- 
bryonic cartilage—very little of the middle fossa is laid 


down in the fetal chondrocranium—nor is usually well 
defined by bone until after birth, it cannot be said which 
opening contains the embryonic pharyngeal vein. Ob- 
viously, however, the Vesalian emissary, when it occurs, 
is merely accessory to the relatively constant and more 
voluminous emissary vein (or venous plexus) of the 
foramen ovale. Both veins drain what is here designated 
the lateral wing of the cavernous sinus, a remnant of the 
pro-otic sinus; in the adult they also drain the ventral 
end of the middle meningeal sinus (fig. 18C, D). 

By the present 4o-mm. stage, the last opening has been 
formed in the caudal half of the fetal chondrocrantum— 
the conspicuous spurious jugular (“capsuloparietal”) 
foramen, of phylogenetic interest (see stage 72). This 
foramen is unusual in the embryo in that it contains a 
vein relatively much smaller than the foraminal diameter 
(fig. 13A1). Plexiform anastomoses between this primi- 
tive temporal emissary (stem of petrosquamosal sinus; 
p. 123) and a deep tributary of the superficial temporal 
vein may be found at this time. The spurious jugular 
foramen must not be confused with the near-by mastoid 
(“capsulo-occipital”) foramen, which earlier (stage 6) 
is formed around the relatively large and constant mas- 
toid emissary vein. Although the primitive petrosqua- 
mosal sinus on the lateral aspect of the chondrocranium 
is not definitive until stage 7a (fig. 16), the anastomosis 
that it constitutes, between the primitive temporal emis- 
sary and a lateral tributary of the pro-otic sinus, is some- 


times identified at stage 7 (fig. 13A; figs. 33, 36, pl. 2). 


Meningeal Drainage of Primary Membrane Bones; 
Independent Scalp Plexus 


A prominent tributary of the pro-otic sinus in stage 7 | 
is the stem of irregular plexiform vessels representing the 
adult middle meningeal sinuses in the outer part of the 
dural layer. These extrachondrocranial vessels accom- 
pany the two primary branches of the adult dural artery 
of the same name (fig. 15C), which are best understood 
by reference to the developing skull, as fully described by 
Macklin (1921); his models (adapted for fig. 279 in 
Hamilton, Boyd, and Mossman, 1952) were made from 
the same 43mm. embryo shown here (figs. 13, 15B; 
pl. 4A). 

In two embryos of stage 7 (Carnegie no. 886, just 
noted, and no. 6203), the frontal meningeal (dural) ar- 
tery supplies the frontal ossification center, which is the 
most advanced of the primitive membrane bones and 
overlaps about half of the cerebral hemisphere. The 
region of the primordial parietal and squamous temporal 
membrane bones (fig. 13A1) is supplied by a parietal 
meningeal (dural) artery, which already comprises two 
branches. These two primary dural arteries, frontal and 
parietal, of the present stage must not be confused with 
the two major branches of the parietal artery in the adult, 
ie. the so-called “anterior” and “posterior” branches of 
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Fic. 15. Coronal reconstruction of three embryos of two stages: A, Carnegie no. 492, 16.8 mm., xvili, stage 4, viewed from the 
front; B, no. 886, 43 mm., and C, no. 6203, 39 mm., both of stage 7 and viewed from behind. All show the dorsal pharyngeal vein, 
which accompanies the great superficial petrosal nerve. It is represented by the sizable emissary veins of the adult foramen ovale, 
which drain the cavernous and middle meningeal sinuses, and also by the emissary vein of the sphenoid foramen (of Vesalius), when 
present. Note the relation of the middle meningeal arteries to the accompanying venous channels, derived from the pro-otic sinus: the 
veins, after crossing the arteries, lie between them and the membranous bones they vascularize. Tributaries of the ventral meten- 
cephalic vein (C), the stem of which later becomes the superior petrosal sinus, lie between the branches of the basilar artery and 
the pons (dotted line). [The meningeal vessels in C are in the outer dural condensation at a level in front of the section through brain 


stem and otic capsule.] 
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the middle meningeal artery vascularizing most of the 
adult cranial vault. As the embryonic growth of the 
parietal membrane bone overtakes that of the frontal 
bone, the frontal artery becomes subsidiary, and finally 
appears to be a branch either of the anteroparietal (“an- 
terior”) branch of the middle meningeal, or of its main 
stem. 

The primary frontal dural artery, supplying the more 
lateral (greater) aspect of the frontal bone, has no specific 
name?* in the adult; indeed, its proximal end in the 
middle fossa is often obscured in passing through a 
canal formation in the osseous thickening at the pterion. 
A medial branch of the frontal dural artery, namely the 
lacrimal or ophthalmomeningeal artery of potential im- 
portance, frequently passes through the superior orbital 
fissure, or a separate foramen, to anastomose with the 
lacrimal branch of the ophthalmic artery. Varying in 
size, this anastomosis represents the supraorbital branch 
of the temporary embryonic stapedial artery, which be- 
comes the stem of the adult middle meningeal artery. 
Any venous channel accompanying the arterial anasto- 
mosis (fig. 13B-D) constitutes an ophthalmomeningeal 
sinus (“vein”; the origin of the name in the anatomical 
literature is not clear, but evidently it often refers er- 
roneously to a remnant of the tentorial sinus; p. 122). 
The ophthalmomeningeal sinus may be continuous 
with the ventral end of the adult sphenopartetal sinus, 
a channel sometimes both meningeal and diploic, i.e. the 
sinus of Breschet (fig. 18D); it may, in general, be con- 
fluent with the stem of the anteroparietal meningeal ** 
sinus, from which it is derived postnatally. 

Veins in the dorsal scalp region are first clearly identi- 
fied in the present 4o-mm. stage. It must be emphasized 
that the membrane bones are primarily vascularized by 
the dural meningeal vessels just noted, not by scalp 
vessels (see below). Furthermore, apparently only one 
significant anastomosis develops between these intra- and 
extra-cranial systems of the skull vault, and it is often 
small and not constant. The fact that the parietal emis- 
sary (arterial or venous) was not identified except in the 
late fetal stages available for the present study does not 
mean that it never is formed between 4o and 80 mm., a 
stage that seems more likely. In any event, the parietal 
obviously is the last of the emissaries to be formed and, 
unlike the others near the skull base, apparently does not 
comprise a typical primary vessel. 

In the gross specimen between 30 and 50 mm., the 


18 The term postero- (or latero-) frontal would distinguish it. 


from another adult meningeal artery—a branch of the ophthal- 
mic artery, ie. of its anterior ethmoid branch—which supplies 
the antero- (medio-) frontal dura and bone. Of the two major 
branches of the middle meningeal artery, primarily antero- and 
postero-parietal, the latter gives off the anastomotic branch pass- 
ing through the parietal foramen (p. 120); an artery, albeit 
small, typically accompanies all emissary veins through their 
foramina. 


main stems of the superficial veins can often be seen 
through the transparent scalp region, namely the frontal, 
superficial temporal, posterior auricular, and occipital 
veins; the corresponding, but smaller, scalp arteries with 
their thicker walls can be identified in sections. This 
superficial cranial group, together with the dural men- 
ingeal arteries and veins, was graphically reconstructed 
in an excellent embryo (Carnegie no. 6203, 39 mm.; see 
p. 120) : the occipital artery supplying the occipitocervical 
musculature is particularly conspicuous in length and 
gives off the so-called mastoid branch (latero-occipital 
meningeal artery,’® the largest dural artery in the adult 
posterior fossa); as this artery enters the mastoid fora- 
men, it lies upon the thin wall of the mastoid emissary 
vein, much larger in diameter (fig. 13), after bordering 
it outside the chondrocranium. Such configuration is 
notably in contrast with the pattern of arteries and veins 
of the endothelial tube stage, which do not accompany 
each other, but cross at a right angle (see stage 4). The 
parallel contiguity of certain vessels of stage 7 is sig- 
nificant in that the walls of even the smaller cranial ar- 
teries, at least, outside the brain, have become definitely 
thicker at 40 mm. than the walls of cranial venous 
channels, the diameter of which has become relatively 
much larger. Not until now do arteries and veins in 
certain areas accompany each other contiguously for the 
first time. 

The superficial cranial vessels just named have de- 
veloped in the meshes of a scalp plexus, the history of 
which has been considerably misinterpreted (see Padget, 
1956). Erroneously, it is thought that the venous com- 
ponents of the scalp are primarily connected with those 
of the dura, and that the two layers are subsequently 
separated by the intervention of the membranous skull, 
leaving a number of emissary veins as remnants. Al 
though Streeter’s (1918) remarks about vascular “cleav- 
age” have frequently been so misinterpreted, such 
secondary separation of vascular layers applies only to 
the dural and pial venous channels, as the result of ex- 
pansion of the cerebral and cerebellar hemispheres and 
of the otic capsule (see stage 4). The arteries of the pia, 
dura, and integument are always separate systems. 

Before stage 6, the thin scalp region covering the mem- 
branous skull is avascular. Between 20 and 4o mm., a 
scalp plexus, derived from the most superficial dorso- 
cranial components of the emerging external carotid and 
jugular systems, specifically from the scalp vessels named 
above, advances dorsally from all sides up over the vault 
of the developing skull toward the region of the future 
parietal foramen. Initially, it seems, the scalp plexus 
does not vascularize the primitive membrane bones. In 
two embryos of about 40 mm. (identified below), the 
plexus is everywhere bounded medially by a conspicuous, 
though narrow, mesenchymal condensation, the primitive 
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galea (aponeurotica), which, furthermore, is separated 
from the membranous skull by a considerable interval 
of loose avascular mesenchyme. As was described in 
detail by Finley (1922) and noted by Streeter (1918, 
1951), the advancing margin of this superficial plexus 
is peculiarly well defined and is often conspicuous in the 
gross specimen. By 40 mm. it outlines a closing avascular 
area at the cranial vertex toward which all the meningeal 
and the superficial scalp vessels converge (graphically 
reconstructed in embryos Carnegie nos. 886, 6203). Pre- 
sumably, later extension of the scalp plexus normally 
closes the primary vascular hiatus. 

The significance of the area of the terminal hiatus in 
the closing scalp plexus is genetically vestigial. It marks 
the area of the late fetal or postnatal parietal (so-called 
“sagittal”) fontanel and its remnant, the parietal fora- 
men, together with the relatively late and inconstant 
secondary anastomoses, namely arterial and venous emis- 
saries that traverse these skull-hiatuses. This area in 
normal and abnormal cases, briefly discussed elsewhere 
(Padget, 1956), calls for study of more specimens, 
particularly between 40 mm. and term. 


Stace 7a. Frrus at THE THIrD Montu (60 To 80 MM.) 


Whereas the external appearance of the fetus, doubled 
in length between stage 7 and the end of stage 7a (fig. 
16), the last of the present series, is not conspicuously 
altered, the expanding cerebral hemispheres grow cau- 
dally over the midbrain and the emerging cerebellar 
hemispheres (figs. 24, 25, pl. 1). This expansion, con- 
tinuing throughout fetal life, together with the late os- 
sification of the skull, necessarily delays the advent of 
certain channels. Nevertheless, the adult pattern of most 
venous sinuses and cerebral veins can be recognized by 
the end of this period. Notable changes, particularly 
seen in the basal views of the brain and skull (figs. 33- 
39, pl. 2), involve extension or modification of two chan- 
nels that are prominent and primary, but are not always 
persistent, namely the tentorial and pro-otic sinuses, and 
their derivatives. For an understanding of these de- 
velopments, frequent reference to other mammals is 
essential. 

The transverse sinus, as distinguished from the sigmoid 
sinus, definitive in stage 5, is pushed into definitive posi- 
tion by cerebral expansion at about 80 mm. (pl. 5). 
Consequently, the tentorial plexus, which marks the 
junction of the transverse sinus with the superior sagittal 
and straight sinuses, is reduced in size to be recognizable 
as the adult torcular (confluence of sinuses). Comparison 
of figures 24 and 25 (pl. 1) shows that the marginal sinus, 
constituting the medial end of the primitive transverse 
sinus, has been shifted far caudally since the 4o-mm. 
stage by the caudal growth of the cerebral hemisphere, 
the migration being accomplished by the successive use 
and discard of loops in the dwindling tentorial plexus 


(anastomotic progression). The transverse sinus, hav- 
ing been swung caudally on the sigmoid sinus as on a 
hinge, has attained the approximate adult direction, 
which is opposite to that of earlier stages. This caudal 
swing is reminiscent of that of the posterior communi- 
cating artery between 18 and 4o mm., and it occurs for 
the same reason. 


Significance and Modifications of the Tentorial Sinus 


Another result of the notable expansion of the cerebral 
hemisphere between 40 and 80 mm. is a considerable 
elongation, under its temporo-occipital margin, of the 
tentorial sinus, which is still the sole drainage for the 
only definitive vessels now present on the surface of the 
hemisphere, the conspicuous middle cerebral group of 
arteries and veins. 


It is now obvious that the tentorial sinus is the human 
counterpart of the mammalian “posterior rhinencephalic 
vein” described by Hofmann (1901), as indicated in plates 
5 and 6. In many adult mammals (e.g. rabbit, pig, cat, and 
dog), this prominent vein follows the rhinal fissure; it col- 
lects veins from the region of the olfactory bulb, drains the 
middle cerebral veins, and empties into the transverse sinus 
near its junction with an inconspicuous channel comparable 
to the sigmoid sinus. In the horse, the rhinencephalic vein 
is represented by a dural channel for the greater part of its 
length (Hofmann’s fig. 27), thus resembling the tentorial 
sinus during fetal stages in man. A comparable vessel, part 
vein and part sinus, follows the rhinal fissure of the rhesus 
monkey, according to the author’s observations. After re- 
ceiving the middle cerebral veins, which, it must be noted, 
have no primary connection with the cavernous sinus, the 
vessel passes caudolaterally under the temporal lobe into the 
lateral junction of sinuses, namely the transverse, sigmoid, 
and superior petrosal; the last-named sinus in man becomes 
definitive at this stage, as described below. 


Between approximately 20 and 40 mm. in human de- 
velopment (figs. 23, 24, pl. 1), the tentorial sinus empties 
into the marginal sinus, i.e. the medial segment of the 
primitive transverse sinus, a route both short and direct. 
By 60 to 80 mm. (fig. 13; cf. Ar, B), growth of the hemi- 
sphere, responsible for the caudal swing of the transverse 
sinus just noted, has also necessitated the marked elonga- 
tion of the tentorial sinus emptying into it. Its caudal 
end, now attenuated and plexiform (pl. 4B), has begun 
a compensatory migration, by anastomotic progression,* 
caudally along the transverse sinus toward its junction 
with the sigmoid. Thus, the tentorial sinus attains the 
shortest route available through existing channels for 
drainage of the middle cerebral veins into the internal 
jugular vein (pl. 5); the configuration in stage 7a re- 
sembles that of the adult in other mammals (pl. 6). 

The cranial end of the elongated tentorial sinus, which 
directly receives the superficial cerebral veins, is larger 
than its caudal end and is now curved ventrally, follow- 
ing the contour of the new middle cranial fossa (cf. 
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Fic. 16. Stage 7a, in lateral (A) and basal views of the brain (Az) and chondrocranium (Az), when adult patterns become 
recognizable. The elongated tentorial sinus, draining the superficial cerebral veins, begins to migrate to the junction of the sigmoid 
sinus with the transverse sinus, which has been swung into definitive position. The superior petrosal sinus becomes definitive as the 
dural end of the metencephalic vein, which it represents, surmounts the expanding optic capsule. Tributaries of the pro-otic sinus 
drain the membrane bones. Note the spurious jugular foramen and its vein. The basal cerebral vein is formed by pial anastomoses be- 
tween the primary transverse veins of the pia-arachnoid (Ar). 
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pl. 5A, B). Specifically, the sinus often borders the edge 
of the cartilaginous lesser sphenoid wing (pl. 4B) in the 
position of the adult so-called sphenoparietal sinus (a 
term of dubious identity, which has obviously been ap- 
plied in some instances to this part of the persistent fetal 
sinus, p. 119). 

Considerable variation in the relations and position of 
the tentorial sinus has become apparent since its elonga- 
tion. In this study, venous channels in all layers of the 
dural condensation of mesenchyme are called sinuses. 
Whereas the pro-otic sinus and its tributaries, e.g. the 
middle meningeal “veins” (usually so called; see below), 
belong to the outer dural layer, the tentorial sinus, di- 
rectly continuous with the stem of superficial middle 
cerebral veins (pl. 1), belongs to its inner layer. The 
relatively late expansion of the temporal lobe and its 
fossa cranioventrally, while the cerebrum is expanding 
dorsally in all directions, not only elongates the tentorial 
channel; it also pulls the channel and the continuous 
arachnoidal stem of the veins diagonally for an increas- 
ing distance through the innermost and outermost layers, 
respectively, of the dense dural and loose arachnoidal 
mesenchyme. (No subdural space intervenes initially.) 
Hence, the transition between arachnoidal vein and 
dural sinus is a very gradual one, and varies considerably. 
All or part of the postnatal tentorial channel, therefore, 
may be either more or less deeply situated in the dura, 
or merely attached to it, in different individuals and 
mammalian species (Hofmann, 1901). When it is part 
“sinus” and part “vein,” which is to say lying either in, 
on, or near the inner dural layer of the middle fossa, the 
tentorial channel resembles the dural end of other super- 
ficial cerebral veins as they approach the superior sagittal 
(and transverse) sinus (Bailey, 1948); their conformation 
is similarly explained. 

Why the position of the tentorial sinus is not constant 
is now clear. It may be relatively lateral in the floor of 
the fetal middle fossa as seen in a 60-mm. specimen 
(fig. 18A), or medial near the edge of the tentorium as 
in one of 80 mm. (fig. 18B); either position occurs in 
newborn and adult heads (fig. 18C, D). The remnant 
of the sinus in postnatal stages has been designated in 
many ways, for example: erroneously it is called the 
“ophthalmomeningeal” or the “sphenoparietal” sinus 
(p. 119); a definitive term is sphenotemporal sinus (fig. 
1189, Cunningham, Textbook of Anatomy, 1951). By 
way of the Sylvian vein, the channel obviously is the 
frequent adult termination into the transverse sinus, or 
secondarily into the superior petrosal, of the great anasto- 
motic cerebral vein (of Trolard, 1868) according to this 
author’s description (see also Bailey). Details of the pial 
tributaries of the tentorial sinus at stage 7a will be de- 
scribed below in connection with the formation of the 
basal cerebral vein. 


Significance and Modifications of the Pro-otic Sinus 
and Its Tributaries 

The modifications of the primary embryonic pro-otic 
sinus between 40 and 80 mm. depend more on the growth 
of the skull than on that of the brain (fig. r83A-D). A 
recent derivative, the inferior petrosal sinus, has become 
the caudal and intrachondrocranial outlet for the orbito- 
ophthalmic veins by way of the cavernous sinus, similarly 
derived in stage 7. This drainage, however, is still shared 
about equally with the extrachondrocranial pro-otic sinus, 
which leaves the cavernous sinus at the tip of the otic 
capsule and ventral to the trigeminal ganglion, as before, 
but has become deviated cranially and laterally by the 
expanded capsule, and borders its cranial aspect caudally 
to the junction of the transverse and sigmoid sinuses. 
The pro-otic sinus still receives the small remnant of the 
primary head-sinus, namely the definitive superficial 
petrosal vein, which accompanies the nerve of the same 
name by way of the facial hiatus of the otic capsule 
(pl. 4B). At its caudal end the pro-otic sinus has two 
conspicuous tributaries, which emerged at 40 mm., but 
are now recognizable as permanent adult channels: the 
medial tributary is the prominent old stem of the ventral 
metencephalic vein from the primitive cerebellum and 
pons, a stem that constitutes the new superior petrosal 
sinus (see below) ; the plexiform lateral tributaries, closely 
associated with branches of the middle meningeal artery 
(fig. 15B, C), are components of the primitive meningeal 
sinuses. In response to the emergence of the meningeal 
bones, particularly the frontal and parietal, the middle 
meningeal vessels develop extensive ramifications be- 
tween 40 and 80 mm. (p. 126). The parietal bone super- 
ficially overlaps the parietal plate of the chondrocranium 
at the end of this period (pl. 4B; Hamilton, Boyd, and 
Mossman, 1952, fig. 380). The primary drainage of these 
bones in fetal stages is lateral into the pro-otic sinus, 
rather than ventral (through the foramen ovale) and 
dorsal (to the sagittal sinus lacunae) as in the adult. 

Superior petrosal sinus. The dural channel that is 
augmented by stage 7@ to constitute the superior petrosal 
sinus, the last of the major adult sinuses to become defini- 
tive in human development, has been present since stage 
4. It is the dural end of the primary ventral meten- 
cephalic vein, typical of vertebrates (see below). Changes 
in the primitive brain and skull that bring the sinus into 
view can best be understood by referring to successive 
stages, particularly in the basal view (pls. 1, 2). 

Between stages 5 and 7, the proximal end of the ventral 
metencephalic vein traverses the primitive tentorium, 
which is not shown in the accompanying illustrations. 
The embryonic origin of the tentorium, it must be under- 
stood, is the site of the future middle fossa: a condensa- 
tion of mesenchyme, arising ventrally from the chondro- 
cranial anterior clinoid process and temporal wing (ala 
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temporalis, surrounding the foramen rotundum; pl. 4B), 
extends dorsally to the membranous skull vault, where 
it contains the tentorial plexus. As the result of its 
primary ventrodorsal direction, before the caudal expan- 
sion of the cerebral hemisphere, the primitive tentorium 
at first borders the cranioventral, rather than the dorsal, 
aspect of the otic capsule. Not until the tentorium has 
been swung caudally by cerebral expansion into more 
nearly transverse position at 80 mm., as was described 
above in reference to the tentorial sinus it contains, does 
the part of the tentorium containing the metencephalic 
channel come in contact with the dorsal crest of the 
expanded otic capsule. 

During the time that cerebral expansion between 40 and 
80 mm. carries the tentorium and its channels caudally 
(figs. 24, 25, pl. 1), otic expansion carries the pro-otic 
sinus cranially, thus separating the sinus from its ten- 
torial tributary, the stem of the metencephalic vein (figs. 
36, 37, pl. 2; fig. 18). The separation has been completed 
because the caudal end of the pro-otic sinus, as the result 
of a secondary anastomosis, now empties into the sigmoid 
by way of the petrosquamosal sinus, definitive in stage 74 
(see below). While being pushed forward by the otic 
capsule, the middle part of the pro-otic sinus dwindles; 
meanwhile the new cavernous and inferior petrosal 
sinuses, emerging in stage 7, annex the orbito-ophthalmic 
veins, of which the pro-otic sinus was formerly the ex- 
clusive drainage. Consequently, the tentorial end of the 
metencephalic vein, now the superior petrosal sinus, 
empties into the junction of the transverse and sigmoid 
sinuses. This secondary pattern of stage 7a, typical of 
the adult, obscures the fundamental pattern of the meten- 
cephalic channel of stage 7 and earlier, i.e. its derivation 
from the pro-otic sinus (fig. 18A, B). Expansion of the 
otic capsule dorsally tends to bring it into contact with 
the primary metencephalic channel. Thus, the superior 
petrosal sinus is pushed into definitive position on the 
dorsal margin of the enlarging otic capsule (later petrosal 
bone) by two advances: otic expansion cranially and from 
below, and cerebral expansion caudally and from above, 
the latter being reflected in the caudal swing of the 
tentorium. 

Although definitive in position by 80 mm.,, the fetal 
superior petrosal sinus, it must be noted, is still not that 
of the classic textbook picture: it has no well defined 
communication cranially with the cavernous sinus. The 
primary role of the sinus in all stages is drainage of the 
cerebellar and pontile regions, as is notably true of its 
counterpart in other mammals. The inference that the 
definitive position of the sinus is the result of the rela- 
tively great enlargement of the cerebral hemisphere, plus 
chondrocranial otic expansion, explains the absence of a 
definitive channel in mammals generally. 


Apparently the significance of the superior petrosal sinus, 
belated in mammalian development, has not been under- 


stood. The channel has long been confused with the pro-otic 
sinus (e.g. Shindo, 1915; Streeter, 1918; van Gelderen, 1933), 
which is a prominent primary channel, i.e. the stem of the 
middle dural plexus typical of early vertebrate embryos. Es- 
sentially, the superior petrosal is its tributary. Inexact knowl- 
edge of the morphology and variations of the superior 
petrosal sinus in adult man—it is rarely as large as the in- 
ferior petrosal sinus, and its communication with the cavern- 
ous sinus is both secondary and inconstant—is probably 
chiefly responsible for many errors in its identification in 
other mammals. 

The superior petrosal sinus has also been confused with 
the tentorial sinus: for instance, the channel so identified in 
the adult horse, cow, dog (Dennstedt, 1904, pls. 1-3), and 
rat (Greene, 1935, figs. 218, 219) does lie in the tentorium 
but is not contiguous to the petrosal bone. Since the chan- 
nel originates in the anterior, not the posterior, cranial fossa, 
there draining the anterior and middle cerebral veins, it is 
the tentorial sinus, i.e. the dural end of the “posterior rhinen- 
cephalic vein” described above; its form and connections in 
these adult mammals resemble those in the human embryo 
at 60 to 80 mm. (fig. 16). Confusion regarding these vessels 
is a fundamental error, because the tentorial sinus drains the 
largest veins cranial to the tentorium, whereas the superior 
petrosal sinus drains the chief vein of the posterior fossa. 

Not only does the definitive superior petrosal sinus appear 
late in human development; it is a new formation phylo- 
genetically. The following examples of its counterpart in 
adult mammals recapitulate stages of its development in 
man: (1) in the bat (Grosser, rgor1, fig. 36, pl. 20), the 
sinus is represented only by the dural end of the major 
metencephalic vein, ic. the constant trigeminal vein (of 
Hofmann, 1901) characteristic of vertebrates; (2) in the 
horse and dog (Sisson, 1953), a homologous sinus, which, 
however, does not touch the petrosal crest, is the dural (ten- 
torial) end of the major cerebellar vein, and enters the ven- 
tral (caudal) end of the transverse sinus, a pattern com- 
parable to the 40o-mm. stage in man; and (3) in the rhesus 
monkey, according to the author’s studies, a definitive supe- 
rior petrosal sinus is present, as the continuation of the great 
cerebellar vein, but it is relatively short, for the reason that 
it touches only the lateral part of the petrosal crest. 

Fundamentally, in all species, the superior petrosal sinus 
is the major metencephalic vein of the posterior fossa, the 
proximal end of which becomes surrounded to a variable ex- 
tent by dura, namely the tentorium, in so far as this is pres- 
ent. Application of the channel to the petrous crest appar- 
ently depends on the otic and cerebral expansion in certain 
primates. Furthermore, in contrast to the inferior petrosal, 
the superior petrosal sinus has no primary connection with 
the cavernous sinus. Any communication with a dural chan- 
nel in the anterior fossa is a late development, perhaps be- 
longing exclusively to man (the situation in most primates 
is unknown to the author). The primary cerebellar vein 
involved in the formation of the superior petrosal sinus, how- 
ever, commonly does anastomose with a pial vein of the 
anterior fossa, as will be discussed below in reference to the 
basal cerebral vein. 


Petrosquamosal sinus, an emissary of the chondro- 
cramal spurious jugular foramen. Although the fore- 
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going discussion shows why it can be said in general 
that the superior petrosal sinus is an elaboration of a 
metencephalic tributary of the pro-otic sinus (Markow- 
ski, 1911, 1922), close inspection of consecutive stages 
(pls. 1, 2) shows it to be the result of a rather compli- 
cated rearrangement of these channels. This complex 
includes the petrosquamosal sinus, which now consti- 
tutes, secondarily, the caudal end of the pro-otic sinus, 
leading into the sigmoid sinus. These alterations, de- 
pendent upon the developing skull, involve the interest- 
ing spurious jugular (“capsuloparietal”) foramen of the 
chondrocranium, an opening definitive in stage 7. 

Between 4o and 60 mm., a lateral (temporal emissary) 
tributary of the sigmoid sinus passes through the spurious 
jugular foramen and anastomoses, external to the tem- 
poroparietal lamina of cartilage, with a lateral (primitive 
dural meningeal) tributary of the pro-otic sinus (figs. 
13A, 18A). This anastomosis is the primitive petro- 
squamosal sinus (stage 7). By 80 mm. (fig. 18B) the 
sinus is augmented to become the new caudal (sigmoid) 
end of the pro-otic sinus, the change being coincident 
with the utilization by the stem of the metencephalic 
vein of the old caudal (sigmoid) end of the pro-otic sinus 
in the formation of the definitive superior petrosal sinus. 
The petrosquamosal sinus, on the outer aspect of the 
chondrocranium, is now definitive in position, because it 
is being overlapped laterally by the emerging membra- 
nous skull (fig. 18B); thus it already suggests the subse- 
quent intracranial and later diploic situation of the adult 
channel. A photomicrograph of a 69-mm. fetus (van 
Gelderen, 1924, fig. 65) shows well the fact that the 
“emissary of the capsuloparietal foramen” is medial to 
the bone after becoming lateral to the cartilage. 

The junction of the transverse sinus with the sigmoid 
sinus, or with any less well developed channel com- 
parable to it, a junction that includes the stem of the 
petrosquamosal (pro-otic) sinus, is a region of consid- 
erable significance in mammalian development. We 
have seen that, ever since its formation in stage 5, the 
cranial (dorsal) end of the sigmoid sinus has received, 
more or less directly, all the drainage from the brain 
and also that from the orbit and dura (figs. 22-25, pl. 1). 
By 80 mm., coincidentally with the migration of the ten- 
torial sinus described above, the sigmoid receives cere- 
bral drainage even more directly; it drains the posterior 
(cerebellar) fossa by way of the superior petrosal sinus. 

In spite of the fact that ventral drainage into the 
primary internal jugular vein is predominant at all stages 
of human development, evidence exists, between 40 and 
80 mm., of potential drainage laterally into the external 
jugular system: sometimes a deep tributary of the ex- 
ternal jugular anastomoses with a lateral tributary of the 
petrosquamosal sinus, which is the embryonic temporal 
emissary; this route, only potential in man, is augmented 


in a typical mammal (see below and pl. 6). Although 
the petrosquamosal sinus has become continuous with 
the pro-otic sinus, it is still emissary in that it passes 
through the spurious jugular foramen (cf. fig. 18A, B). 
This lateral opening in the chondrocranium is at least 
as large as the true jugular foramen, ic. the internal, 
and is much larger, therefore, than the vessel it usually 
contains in man. The opening is adjacent to the junc- 
tion of the major fetal sinuses, the transverse and the 
sigmoid. 

The relatively constant spurious jugular foramen in 
cartilage (see stage 7) must not be confused with the 
later temporal foramen in bone, rare in man, which 
nevertheless is related to it, and has often been called 
by the same name. That both foramina, particularly 
the osseous in the human adult, have elicited the inter- 
est of comparative anatomists for a hundred years is 
reflected by many names, e.g. the foramen of Verga, 
Rathke, Fischer, Krause, Luschka, and Flower. The 
spurious jugular foramen transmits, pre- and_post- 
natally, the caudomedial end of the petrosquamosal 
sinus, the embryonic temporal emissary. The temporal 
foramen, when present in man—it is typically large in 
other adult mammals—represents late ossification around 
an inconstant lateral tributary of the craniolateral end 
of the petrosquamosal sinus. 

The significance of the embryonic spurious jugular 
and the postnatal temporal foramina and the vessels con- 
cerned has often been misinterpreted. Because of its 
predominance in many mammals, often to the extent of 
virtual absence of the internal jugular vein (pl. 6), the 
external jugular was assumed to be the primary jugular 
of vertebrates (see stages 1, 2). On this erroneous prem- 
ise, it was believed that a lateral route of intracranial 
drainage, by way of a petrosquamosal emissary of the 
temporal region, characterizes early fetal life in man. 
Furthermore, both foramina and their vessels have been 
confused, as by Streeter (1918), with the extrachondro- 
cranial remnant of the primary head-sinus (“vena capitis 
lateralis”); this remnant is just superficial and ventral to 
the otic capsule during stages 5 to 7. In one 80-mm. 
embryo of stage 7a, plexiform remnants of the head-sinus 
still accompany the 7th nerve (pl. 5Cr) on the lateral 
aspect of the otic capsule. Although persistence in adult 
man of a large remnant of the head-sinus traversing the 
petrous bone is probably rare (except in cases of ab- 
normal venous dilatation), a small remnant is normally 
represented by the plexiform superficial petrosal and 
stylomastoid veins; they accompany arteries of the same 
name throughout the intraosseous course of the 7th 
nerve. Any remnant in association with this nerve 
would, of course, be caudal to the external acoustic 
meatus. In contrast, a position that varies but is cranial 
to the meatus, and sometimes also dorsal, is the rule for 
the osseous temporal foramen. 
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The mammalian temporal foramen, dependent not 
only on the volume of drainage it carries but also on the 
skull development of the region, varies considerably in 
size and exact location, examples of which follow. The 
conspicuous foramen typical of mammals except cer- 
tain primates lies ventrolaterally between the external 
acoustic meatus and the posterior glenoid process; it is 
usually called the “postglenoid” foramen (Greene, 1935; 
Miller, 1948; Sisson, 1953). In the rhesus monkey, an 
inconspicuous foramen is more medially situated in the 
depths of the glenoid fossa; in accordance with the dural 
drainage conveyed, it was called the “posterior meningeal 
foramen” (Hartman and Straus, 1933). A small foramen 
that, nevertheless, is conspicuous, owing to its more 
dorsal position on the lateral wall of the skull at or near 
the root of the zygoma, has been seen in fetal monkeys 
and adult apes (Schultz, 1921, 1950, respectively), and is 
not uncommon in the human newborn (Limson, 1932). 
Anomalously, at any time after birth, a large foramen 
may be found in the human squamous temporal bone 
(Streit, 1903). In any of these positions in man, a small 
foramen (diameter about 1 mm.) for accessory drainage 
of tympanic or meningeal emissary veins may occur 
normally (p. 126); it is related developmentally to the 
lateral end of the so-called petrotympanic fissure (Gla- 
serian; for precise naming of this fissure see later editions 


of the Cunningham Textbook, 1951). 


The significance of the emissary temporal vein of the 
temporal (“spurious jugular”) foramen in mammals was 
appreciated by Shindo (1915). He called it the cranial tribu- 
tary (“vordere Ast’””) of the transverse sinus, as distinguished 
from the sigmoid sinus, established much earlier, which is its 
caudal tributary (“hintere Ast”). Shindo describes the pre- 
dominance of one or the other route of intracranial drainage 
in a series of adult mammals, on the basis of several reports, 
particularly Dennstedt’s (1904): for example, the anterior 
route into the external jugular system by way of the tem- 
poral foramen is well developed in the opossum, hedgehog, 
mole, bat, weasel, mouse, rabbit, cat, dog, cow, and horse. 
Although there was said to be no sigmoid sinus or internal 
jugular vein (small?) in one species of monkey (Acrobatus 
pygmaeus), the primary drainage through these channels 
does persist in the rhesus monkey (author’s studies), to a 
variable degree. In the cat and pig, the anterior route was 
reported by Shindo to be undeveloped; Mivart (1895), how- 
ever, found a posterior glenoid foramen “occasionally” in the 
adult cat skull. Among the excellent illustrations of rat 
anatomy by Greene (1935), the transverse sinus is shown 
leaving the cranium through the postglenoid foramen to join 
the internal maxillary vein (Greene, fig. 223). 

Regarding comparative embryonic stages, the author has 
little information. The situation in the fetal pig, however, 
according to Mead (1909), resembles a comparable human 
stage: the spurious jugular (“capsuloparietal”) foramen is 
notably larger than the vessel it contains, which represents 
the primitive petrosquamosal sinus of the human embryo at 
40 mm. (fig. 16). The assumption is that a chondrocranial 


temporal emissary, which may or may not develop a sizable 
communication with the external jugular vein, is the rule in 
mammalian development. In any event, the basic pattern of 
representative adult mammals (cf. many illustrations of 
jugular veins by McClure and Silvester, 1909) is as follows: 
The temporal emissary (“‘vordere Ast”) is considerably aug- 
mented to become the vein called “dorsal cerebral” (Sisson, 
1953) or “superior cerebral” (Dennstedt, 1904); the vein is 
the direct continuation of the transverse sinus and empties 
into the largest vein of the neck, the “jugular.” On the 
other hand, underdevelopment of a channel homologous to 
the human sigmoid sinus (“hintere Ast”) of man is repre- 
sented, respectively, by a small “ventral” or “inferior” cere- 
bral vein that passes through the foramen lacerum in its part 
homologous to the internal jugular foramen. Whether or not 
this vein, together with the primary internal jugular, be- 
comes notably atrophic, it may also enter, secondarily, the 
“Sugular” vein, ie. the secondary external jugular, which 
becomes dominant during the embryonic development of a 
typical mammal (pl. 6A). 


The relatively constant spurious jugular foramen of 
the human chondrocranium, as first seen at 40 mm., was 
called the “capsuloparietal fissure” by Macklin (1914, 
1921) because it occurs between two parts of the chon- 
drocranium, the otic capsule and the parietal lamina. 
This name is in distinction to the equally constant “cap- 
sulo-occipital” (mastoid) foramen, similarly named and 
identified earlier in stage 6 (about 20 mm.; W. H. Lewis, 
1920), which contains the primitive mastoid emissary 
vein. Lewis’ figures show that the future spurious jugu- 
lar foramen is indicated during horizon xx by a notch 
at the cranial end of the partly conjoined parietal lamina 
and otic capsule (cf. dotted lines, figs. 1oA, 13A). By 
80 mm., when the chondrocranium reaches its maximum 
development, both foramina are conspicuous: in recon- 
structions of 40o- and 80-mm. skulls by Macklin and by 
Hertwig (1907), respectively, according to adaptations 
of their illustrations elsewhere (Hamilton, Boyd, and 
Mossman, 1952; Gray’s Anatomy, 1954), the spurious 
jugular is the more dorsocranial of the two openings 
(unlabeled) dorsal to the otic capsule; the more ventro- 


caudal foramen is the mastoid (cf. fig. 16A, dotted lines; 
fig. 18A). 


Both emissary openings also occur regularly in the chon- 
drocranium of other mammals as illustrated by de Beer 
(1937; the spurious jugular and mastoid foramina are 
labeled “superior” and “inferior occipito-capsular fissures,” 
respectively). The fact that the spurious jugular foramen is 
relatively large and irregular in outline in many species, in- 
cluding man, and is thus notably out of proportion to the 
size of its contained vein, as compared, for instance, with 
the mastoid emissary vein and foramen, is probably in- 
cidental but significant for the following reasons: the car- 
tilaginous lamina that forms the craniodorsal border of the 
foramen varies considerably in size and shape in different 
species (and probably individuals); this lamina is con- 
solidated much later than the otic capsule, to which it be- 
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comes partly joined by the parietocapsular commissure (so 
called in the human fetus)—a development which brings the 
irregular foramen (or fissure, often the more descriptive 
term) into existence. The spurious jugular is the most dor- 
sally situated foramen, and the last to form, in the mam- 
malian chondrocranium, which does not extend much above 
the base of the future adult skull, and varies most in its 
dorsal parts. 

The early membranous bones of the skull in certain mam- 
mals are also shown by de Beer, including those adjacent to 
the spurious jugular foramen, namely the parietal and 
squamous temporal bones. Although none of these fetal 
skulls was sufficiently advanced to show ossification com- 
pletely surrounding the foramen laterally, photographs of 
coronal sections of mammalian embryo-heads (in studies 
quoted by de Beer) show that conditions around the fora- 
men resemble those in the human fetus, and subsequent 
development can readily be postulated. The temporal canal 
of mammals represents ossification around a channel com- 
parable to the petrosquamosal sinus. Essentially, in all 
species this channel passes, at its medial end, through the 
spurious jugular foramen, typical in the cartilage, and, at 
its lateral end, through the temporal foramen, highly vari- 
able in the bone (cf. fig. 18B, C). 


At the 80-mm. stage (fig. 18B) of human development, 
the definitive petrosquamosal sinus, i.e. the secondary 
channel that now receives the dorsal (caudal) end of the 
pro-otic sinus from which it was derived, lies between 
the chondrocranium and the primitive parietal and tem- 
poral bones. As ossification extends in later stages, the 
parietal lamina of cartilage in man is absorbed, to some 
extent, at least (Macklin, 1921). Consequently, the petro- 
squamosal sinus, in spite of lying on the outer aspect of 
the cartilage, comes to lie within the skull, since it is al- 
ways medial to the membrane bones. Its position in all 
stages, cartilaginous and later osseous, is within a groove 
at the site of the adult petrosquamosal suture. 

The fetal petrosquamosal sinus (fig. 183C) is homolo- 
gous to the prominent “superior” or “dorsal cerebral 
vein” in the temporal groove or canal of typical mam- 
mals, as was noted above; by way of this sinus, the ex- 
ternal jugular, which may become the only jugular vein, 
annexes most intracranial drainage from the primary 
internal jugular (pl. 6). The boundaries of the sinus 
vary in different species, but, to a greater or lesser extent, 
it is ultimately bridged over by bone. Such variable 
ossification also characterizes the occasional presence of 
the sinus in adult man. (See the Toldt A‘las, 1941, 
fig. 132; the osseous channel is part groove and part 
canal.) The petrosquamosal sinus frequently persists in 
the newborn, according to the author’s studies: it may 
be partly covered internally by paper-thin cartilage, ob- 
viously representing the fetal capsuloparietal commissure 
(cartilage) noted above, outside of which the channel 
always lies; its caudal end at the sigmoid sinus some- 
times traverses a cartilaginous foramen, the fetal spurious 


jugular; in the young adult an osseous foramen here 
may be the only remaining superficial evidence of the 
embryonic sinus. 

In the typical adult, the petrosquamosal sinus, which 
is the relatively constant temporal emissary vein of the 
fetal chondrocranium, becomes part of the diploic sys- 
tem. The remnant of the sinus receives the posterior 
temporal diploic vein and also superior tympanic veins. 
The secondary and inconstant anastomosis between the 
fetal temporal emissary and the external jugular is rep- 
resented by any adult anastomosis between a superior 
tympanic vein and an inferior tympanic tributary of the 
deep temporal vein; the inferior tympanic passes through 
the Glaserian fissure (p. 125) or a separate foramen lat- 
eral to it (identified in several skulls by the author). 
Any such anastomosis between inconspicuous tympanic 
veins is homologous to the major route of intracranial 
drainage into the external jugular, typical of many mam- 
mals (pl. 6). 

Relation of dural meningeal sinuses to the arteries; 
other venous channels fundamentally extrachondro- 
cranial. The ultimate diploic character of the pro-otic 
sinus in man is seen not only in its adult petrosquamosal 
derivative, just described, which may groove the inner 
table of the skull, but also in the conformation of its 
other important embryonic tributary, the stem of the 
middle meningeal sinuses accompanying the artery of 
the same name. Developing between 4o and 80 mm. 
(figs. 24, 25, pl. 1), these venous channels in the dura 
are the primary drainage of the membrane bones, and 
their primary relation to the middle meningeal arteries 
is of particular interest. 


The primitive meningeal channels are also clarified by the 
situation in other mammals. For the adult bat, Grosser 
(1901, figs. 36, 37, pl. 20) described the counterpart of the 
petrosquamosal sinus as “diploic,” a situation comparable to 
the temporal canal of other species. The transverse sinus 
terminates in two channels: a vessel representing the sig- 
moid sinus (“hintere Ast” of Shindo, 1915; see above); and 
a “diploic transverse sinus” (his “vordere Ast”), which 
passes cranially over the petrous bone, enters the conspicuous 
temporal foramen, and joins the external jugular, a vein 
notably larger than the internal jugular, as is typical of 
mammals in general. In two adult rhesus monkeys examined 
by the author, the petrosquamosal sinus is not enveloped 
medially by ossification, but occupies an intracranial sulcus, 
the “posterior meningeal groove” (p. 125; Hartman and 
Straus, 1933), which is directly continuous with the me- 
ningeal groove in the anterior part of the middle cranial 
fossa. Here it anastomoses with the external jugular system 
by way of a vein in a small temporal foramen. 

The anatomy of the adult bat (Grosser) also illustrates 
the relation of the meningeal venous channels to the artery 
they accompany, a configuration comparable to that of the 
4o-mm. human embryo. The greater part of the embryonic 
stapedial artery constitutes the major meningeal (dural) 
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artery, as in man, but even its stem from the internal 
carotid is permanent in the bat. Ventrally, this stem borders 
the lateral margin of the “transverse” (pro-otic) sinus. More 
dorsally, however, the relative position of artery to vein is 
reversed, so that the “meningeal ramus of the stapedial 
artery” is medial to the “diploic transverse sinus” (noted 
above), and partly enveloped by it. 


The adult mammalian pattern just noted, which re- 
sembles that of the 4o- to 80-mm. stages of human devel- 
opment (fig. 15C; cf. Grosser’s text fig. 18), exemplifies 
the typical relation of primitive arteries and veins to 
each other, discussed for the pial vessels in stage 4 (see 
figs. 6, 7, 8, 11; pls. 4A2, 5C2). In reference to the struc- 
ture vascularized—in the present instance, the mem- 
branous bone—arteries are superficial to veins, even 
though they are medial to the same veins in reference 
to the whole head. Their development explains the 
unusual conformation of the larger meningeal (dural) 
vessels in adult man. As the skull matures, i.e. as ossifica- 
tion occurs laterally around the dural vessels that vascu- 
larize it, a relatively large venous channel, consolidated 
from a previous plexus, often appears to be compressed 
lengthwise between the smaller artery it accompanies 
and the skull. The resulting partial obliteration of the 
long axis of the venous lumen, together with secondary 
venous anastomoses, gives the appearance of two veins 
bordering the meningeal artery, well illustrated for late 
fetal and adult stages by (Wood) Jones (1912). It should 
be noted that most arterial walls, external to the brain, 
at least, become definitely thicker than those of the veins 
by the 4o-mm. stage, before which time arteries and 
veins do not accompany each other (cf. p. 119 and discus- 
sion in stage 4). 

By stage 7a it is clear that the pro-otic sinus, which 
has long been erroneously identified with either the 
superior petrosal or the tentorial sinus in several species 
including man (see above), is concerned with drainage 
not of the brain, but of its dural and osseous coverings. 
Although the primordial cartilage is not shown in the 
illustrations of earlier stages, it must be noted that the 
pro-otic sinus, which includes the stem of the middle 
dural plexus and a short segment of the primary head- 
sinus (so-called “vena capita lateralis”; see stages 1, 2), 
typically lies on the outer aspect of the chondrocranium. 
In illustrations of a mouse embryo by Shindo (1915; 
pls. 28, 29; text fig. 4), comparable to stage 5 (fig. 9), 
the counterpart of the pro-otic sinus (labeled “anasto- 
mosis between transverse sinus and vena capita late- 


ralis”) and its tributaries, the maxillary (infraorbital) © 


and ophthalmic (supraorbital) veins, are also extra- 
cranial. The territory traversed by the pro-otic sinus, 
which is rostral to the otic capsule (later petrous bone), 
thus representing the middle cranial fossa and site of 
the adult foramina lacerum, ovale, and spinosum, re- 
mains permanently membranous in various mammals. 


In man, ossification here is late, often postnatal, and is 
superficial to the entire course of the pro-otic sinus, 
including its petrosquamosal component. The remnant 
of the sinus, therefore, in late fetal life is intracranial 
and finally becomes diploic in the adult (fig. 18). 

There is evidence that the inferior petrosal sinus, to- 
gether with the cavernous sinus, both derivatives of the 
pro-otic sinus (stage 7), is also an extracranial channel 
from the phylogenetic standpoint, and is secondarily 
enclosed within the skull of primates exemplified by 
man. We have already seen that both ends of the in- 
ferior petrosal in the human embryo are derived from 
extracranial channels: cranially, from the pro-otic sinus, 
and caudally, from the dural end of the ventral mye- 
lencephalic vein (of stage 2), which joins the internal 
jugular below its foramen (figs. 20-25, pl. 1). Although 
the main part of the inferior petrosal sinus develops in- 
tracranially, in reference to the cartilage, a similar anas- 
tomosis superficial to the bone constitutes the plexiform 
adult petro-occipital vein; this lies just outside the skull 
and borders the fissure of the same name, as was well 
demonstrated in two adult corrosion specimens (ac- 
knowledged in the Introduction). As opposed to the 
main part of the pro-otic sinus, its cranial end, which 
gives rise to the cavernous sinus, must be considered 
intracranial in human development, since it is dorsal 
(medial) to the narrow root of the sphenoid cartilage 
(ala temporalis, fig. 183A, B) attached to the sella; even 
this end of the primary sinus is undoubtedly extra- 
chondrocranial in other mammals. 


In the horse and cow, the region of the pro-otic sinus is 
neither ossified nor cartilaginous in the adult (Sisson, 1953). 
Dennstedt’s plates 1 and 2 (1904) show a conspicuous “emis- 
sary vein,” the counterpart of the pro-otic sinus, in a position 
just superficial to the skull; this vein anastomoses both the 
ophthalmic veins and the “veins of the subtemporal fossa” 
(maxillary vein) with the “superior cerebral vein” (com- 
parable to the petrosquamosal sinus of man), which trav- 
erses the temporal (postglenoid) foramen. Moreover, the 
inferior petrosal sinus in the adult horse is also extracranial 
(Dennstedt’s pl. 1 and text fig. 2). Whether this sinus, a 
secondary anastomosis, develops in the embryo horse on the 
inner or on the outer side of the chondrocranium is uncer- 
tain (see below). It unites channels, however, which are 
extracranial in all stages of man and are probably compara- 
ble, namely the pro-otic sinus (cranially) and the primary 
myelencephalic tributary of the internal jugular vein 
(caudally). Furthermore, the otic and basioccipital cartilages 
have fused by the 4o-mm. stage (de Beer, 1937), so that the 
site of the sinus (also the site of the osseous petro-occipital 
fissure in man) in the equine chondrocranium resembles 
that in the human embryo of the same length (Macklin, 
1914, 1921). Although de Beer’s specimen may be atypical, 
apparently more fetal absorption of the secondary cartilage 
at the otic-basioccipital junction must occur in the horse than 
in man. In any event, this region is notably unossified in the 
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adult equine skull, according to Sisson (1953, fig. 53), thus 
constituting a large “foramen lacerum” around the whole 
medial half of the petrous bone. As a result, the inferior 
petrosal sinus lies in dural membrane at the floor of the 


skull. 


The apparent absorption of embryonic cartilage just 
noted is comparable to that presumed to take place else- 
where in the human fetus, for instance, in the chondro- 
cranial capsuloparietal commissure medial to the petro- 
squamosal sinus (see above); here some variable absorp- 
tion must occur coincidently with the ossification of the 
membrane bones (fig. 18) in order to result in the intra- 
cranial position of this sinus (sometimes in man and in 
certain primates, e.g. the rhesus monkey). 

In summary, it is interesting that the embryonic pro- 
otic sinus—the primary stem of the middle dural plexus, 
not very aptly called the “middle cerebral vein” in ver- 
tebrate embryology—together with its tributaries seems 
to be transitional from the standpoint of both ontogeny 
and phylogeny: The sinus first drains the brain (meten- 
cephalon, stages 2 to 5), later the orbit (stages 6, 7), and 
finally the dura and bone (stage 74; see pls. 1, 2). Its 
medial and cranial end, relatively short, is intrachondro- 
cranial, ie. the part of the primary head-sinus between 
the narrow cartilaginous temporal wing, when present, 
and the trigeminal ganglion; its greater length is extra- 
chondrocranial and extends laterally in bordering the 
otic capsule (fig. 2B). The sinus may ultimately be rep- 
resented in mammals by venous channels lying on either 
the inner or the outer side of the mature skull, or both, 
or by those within its substance (diploic). 


Formation of the Basal Cerebral Vein 


It has been seen that the growth of the brain and 
primitive skull between stages 7 and 7a has initiated sig- 
nificant alterations in the dural sinuses. These altera- 
tions, continued until birth and after, require adjust- 
ments of the cerebral and cerebellar veins and are respon- 
sible for a completely new channel, which has not been 
well understood, the important basal (cerebral)™ vein 
(of Rosenthal) (figs. 16, 17, 18). Although this vein and 
many of its tributaries are noted briefly in most anatomi- 
cal descriptions, one of the very few current illustrations 
is a diagram in Bailey (1948). In the adult the basal 
cerebral vein is often as large as the internal cerebral 
vein, which it joins (bilaterally) to form the great cere- 
bral vein (of Galen). Unlike that of the primary Galenic 
veins, however, the formation of the basal vein is com- 
plicated, and certain aspects of the development of the 
primitive brain up to this time must be reviewed to 
understand why it comes into existence. 


14The modifier cerebral (agreeing with Hofmann, 1901) is 
used here for emphasis. The term dasal (BNA) is preferable to 
“basilar,” because the vein is not comparable to the basilar artery 
and has no primary connection with the basilar dural plexus 
ventral to it. 


In spite of the conspicuous expansion of the primordial 
cerebral hemisphere by 80 mm., its bulk still consists 
chiefly of the lateral ventricle almost filled by the rela- 
tively huge choroid plexus (fig. 16). The dorsolateral 
brain wall is relatively little thicker than that of the 
40-mm. embryo, and still comprises the three primary 
layers, ependymal, mantle, and marginal, of which the 
ependymal, where the cells of the future cortex are 
arising, appears to be the most active. Well injected 
specimens show the many notably straight veins (and 
arteries) that pass directly laterally from the ependymal 
layer to the external surface; these vessels are collected by 
the pial tributaries of the superficial middle cerebral 
veins and, to a considerably lesser extent, those draining 
into the primitive superior sagittal and transverse sinuses. 

It is important to recall (see stage 7) that, in contrast 
with the adult brain, little if any part of the primitive 
brain of stage 7a, including the corpus striatum protrud- 
ing into the ventricle, is drained as yet into the conspicu- 
ous, but primitive, internal cerebral vein. The explana- 
tion is that this vein is primarily the continuation of the 
superior choroid vein and courses over the part of the 
diencephalon that is membranous (tela choroidea of the 
third ventricle). Accordingly, the internal cerebral vein 
touches brain tissue only at the interventricular foramen 
(of Monro). Here it receives one primitive intracerebral 
vein from the region of the anterior thalamus, as was 
noted for stage 7. The thickened thalamic wall, which 
has reduced the third ventricle to a narrow slit, is drained 
by tributaries of the primary ventral and dorsal dien- 
cephalic veins. The hypothalamic region is also drained 
by the ventral diencephalic vein, reinforced cranially by 
tributaries of the deep telencephalic vein (secondary pial 
derivative of the superficial middle cerebral veins), 
which is still the exclusive drainage of the corpus 
striatum. Until stage 7a, all the veins draining the fore- 
brain are still tributaries of the tentorial sinus emptying 
into the transverse sinus near its junction with the sig- 
moid sinus. This drainage route, however, is now re- 
mote, owing to cerebral expansion and the resulting 
caudal swing of the definitive transverse sinus, described 
above. A shorter route is about to be substituted, there- 
fore, into the great cerebral vein by way of a new basal 
cerebral vein. 

It is interesting that the internal cerebral tributary of 
the great cerebral vein—essentially a superior choroid 
vein, the first component of the adult Galenic system to 
appear, and the most constant and uncomplicated in 
form at all stages—does not fulfill its final role of drain- 
ing parts of the internal brain until sometime after the 
separate components of the basal cerebral vein, a sec- 
ondary Galenic tributary that develops in a complex way, 
have assumed this function. 


To understand the emergence of the basal vein, it is useful 
to review fundamental principles of the formation of all pial 
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veins discussed in stage 4, as supplemented by basic adult 
patterns in a series of vertebrates (well illustrated by Hof- 
mann, 1901). The simplest pattern is seen on the spinal 
cord, where an intervertebral (intersegmental) collecting 
vein primarily accompanies each nerve root. Later, pial 
tributaries of these transverse veins are joined by secondary 
longitudinal anastomoses, and these, in turn, are irregularly 
joined in similar fashion across the mid-line; as a result, 
some of the transverse collecting veins accompanying the 
nerve roots from pia to dura drop out (see also Herren and 
Alexander, 1939). The anterior and posterior spinal veins, 
however variable in detail in different species, are formed in 
this way. At the medulla and pons, where the nerve roots 
are relatively closer to each other, the primary transverse pia- 
arachnoidal veins extending from the pia to the dura 
(originally numerous along the dorsolateral aspect of the 
neural tube) are typically reduced to three in the vertebrate 
series: a “hypoglossal,” a “vagal,” and a “trigeminal” (Hof- 
mann). It was seen in stage 4 (fig. 8) that the ventral 
myelencephalic (“vagal”) vein of the human embryo, anas- 
tomosed caudally with a spinal vein, makes another longi- 
tudinal anastomosis cranially on the medulla and pons with 
a pial tributary of the ventral metencephalic (“trigeminal”) 
vein. The specialization of the fore parts of the neural tube 
obscures the basic pattern somewhat, but the veins at its base 
are formed in the same way. According to a succinct remark 
of Dr. Frederic A. Gibbs (personal communication) about 
his venous injections of the cat, “the cerebral venous drainage 
may be interpreted as a bulge in the cord drainage.” 

As illustrated by Hofmann, the “basal cerebral vein” of 
adult mammals is the cranial counterpart of the “basal vein 
of the medulla oblongata” on the hindbrain, with which it 
is usually more or less continuous. The caudal end of the 
basal cerebral vein is an anastomosis between a “lateral 
mesencephalic” tributary of the “trigeminal vein’—this is 
the largest and most constant of the three transverse pia- 
arachnoidal veins of the hindbrain—and the “superior mesen- 
cephalic” tributary of the great cerebral vein. The cranial 
end of the basal vein lies between the hypothalamic and 
temporal-lobe regions, where it receives telencephalic (ante- 
rior and deep middle cerebral) and diencephalic tributaries; 
it is usually not symmetrical in the mammals illustrated, and 
is not always continuous, being sometimes represented by 
more than one vein along its course. 

Hofmann shows that the most primitive exit for the basal 
cerebral vein (his text figs. 1-6) is lateral, ic. by way of 
the “trigeminal” vein, the stem of which is the mammalian 
counterpart of the human superior petrosal sinus draining the 
cerebellar region, as was described above. This finding again 
exemplifies the fact that, typically, in adult mammals, as in 
the human embryo, virtually all the veins of the brain are 
laterally drained into the junction of vessels representing the 
sigmoid and transverse sinuses (pl. 6). Medial drainage of 
the basal cerebral vein into the Galenic system, by way of a 
channel lying between the midbrain and thalamus, is 
secondary from the phylogenetic standpoint; this route is 
often predominant in certain primates typified by adult man 
(see below). According to Hofmann, the basal cerebral vein, 
as exemplified in the chick, rabbit, guinea pig, cat, dog, and 
horse, empties more laterally into the counterpart of the 


transverse sinus by way of the “trigeminal vein” than 
medially into the Galenic vein. In the rabbit, pig, cat (Hof- 
mann), and dog (Bedford, 19342), it has both lateral and 
medial communications with the transverse and straight 
sinuses, respectively, by way of the veins just mentioned. 
Bedford’s studies (19342) show the lateral route to be also 
frequent in the rhesus monkey. In a specimen dissected by 
the author, the basal cerebral vein on one side drained more 
laterally, that on the other side more medially—a “combina- 
tion or transitional type,” according to Bedford. 


From the appearance of adult mammalian veins at the 
base of the brain as compared with those of the present 
fetal stage 7a, it is clear that the basal cerebral vein of all 
species emerges in essentially the same way. In the 60- 
to 80-mm. embryo, the course of the vein is well outlined 
by segments of a new longitudinal anastomosis connect- 
ing the pial ends of three or four of the primitive trans- 
verse (pia-arachnoidal) cerebral veins, as follows: (1) 
the telencephalic vein, near the junction of its deep 
middle cerebral and anterior cerebral tributaries; (2) the 
ventral diencephalic vein, draining the choroid plexus 
and the region of the descending horn of the lateral 
ventricle through a well defined tributary; (3) the dorsal 
diencephalic vein, which may be represented by a dorsal 
tributary of the ventral diencephalic vein; and (4) the 
dorsal diencephalic vein, anastomosing with one of sev- 
eral tributaries of the great cerebral vein in the region of 
the pineal primordium (fig. 16; cf. figs. 34, 35, pl. 2). 

The primitive great cerebral vein is seen earlier in 
stage 7 (40 mm.) on the membranous roof of the third 
ventricle near the dorsolateral aspect of the thalamus 
(fig. 13); it drains a plexus extending cranially to the 
interventricular foramen, which communicates with the 
internal cerebral vein at its junction with the voluminous 
superior choroid vein and a small, deep thalamic tribu- 
tary. As was noted above (stage 7), a component of this 
plexus undoubtedly represents the future terminal vein, 
the major tributary of the adult internal cerebral vein, 
which either supplements or annexes internal cerebral 
drainage from the primary pia-arachnoidal veins of the 
ventral surface of the brain; the vein ultimately becomes 
enclosed in the ventricular wall during the secondary 
embryonic juxtaposition of the thalamic and caudate 
nuclear regions, owing to development of the internal 
capsule. 

The formation of the basal cerebral vein, like that of 
the terminal tributaries of the internal cerebral vein, is a 
result of the expansion of the cerebral hemisphere, par- 
ticularly caudally. The vein compensates for the elonga- 
tion not only of the tentorial sinus emptying into the 
transverse sinus but also of the primitive transverse 
diencephalic and mesencephalic veins, which are now 
stretched over the expanded temporo-occipital lobe in 
reaching these sinuses; these veins become attenuated 
near their entrance into the dura, where they will usually 
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Fic. 17. Adult patterns (in an infant head). Note particularly the following: (A) the conformation of the basal and internal 
cerebral veins, meeting (bilaterally) to form the great cerebral vein; remnants of the tentorial, pro-otic (dural meningeal), and 
petrosquamosal sinuses; the deep facial vein; the extracranial exit of the inferior petrosal sinus; the emissary veins; three primary 
veins draining the otic region (unlabeled); (B) the remnant of the tentorial sinus, sometimes constituting a superficial vein; the great 
anterior cerebellar vein; the tentorial lacuna that receives the posterior cerebellar veins. The tributaries of the basal vein, itself second- 
ary and variable, are significant primary veins; its anastomosis with the great anterior cerebellar vein constitutes the lateral mesence- 


phalic vein, potential drainage for both the basal and internal cerebral veins. 
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Fic, 18. Four stages in the vessels at the base of the chondrocranium (A, B) and the skull of the infant (C) and adult (D; C and 
D to be correlated with fig. 17). Expansion of the otic capsule between 60 and 80 mm. modifies several prominent channels: the 
pro-otic sinus dwindles and becomes continuous with the petrosquamosal sinus (comparable to the temporal emissary of mammals 
generally) ; the dural end of the metencephalic (anterior cerebellar) vein (A) becomes the superior petrosal sinus (B). The position si 
the tentorial sinus varies in pre- and post-natal life (A-D). When it is situated medially (B, C), remnants of the sinus may second- 


ra ene the cavernous sinus cranially with the superficial middle cerebral veins, and caudally with the superior petrosal sinus 
arrows, D). 
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be obliterated. When fully developed, the adult basal 
cerebral vein is often as large as the internal cerebral 
vein and may drain as much (if not more) territory. 
These veins, together with those of the opposite side, 
meet to form the great cerebral (Galenic) vein (fig. 17). 
The complicated formation of the basal vein from ele- 
ments of widely separated embryonic veins explains its 
frequent existence in somewhat fragmentary form, as is 
well illustrated for other mammals by Hofmann (1901). 

Variable lateral outlet of basal vein. ‘The significance 
of an important adult modification affecting the caudal 
terminus of the basal cerebral vein in man, apparently 
unknown in general (see Padget, 1956), should be em- 
phasized. According to the usual description, the vein 
empties medially into the internal (or great) cerebral 
vein. It may empty laterally, however, either in part or 
entirely, into the sigmoid sinus by way of the superior 
petrosal sinus, which represents the primary meten- 
cephalic vein. 

The alternative or supplementary routes by which the 
basal vein empties either caudomedially or caudolaterally 
are better understood by reference to the development of 
comparable channels in other mammals, referred to 
above. Apparently lateral drainage of the basal vein is 
the more primitive type; it is cerebellar (infratentorial) 
with respect to the vessels involved, in contrast to medial 
drainage, which is cerebral (supratentorial). Drainage 
through the posterior fossa, frequently predominant in 
vertebrates, is by way of the “trigeminal vein,” which is 
obviously a biological constant; the vein is homologous 
to the great anterior cerebellar vein (see below), includ- 
ing its outlet, the superior petrosal sinus of man, which 
is derived from the pro-otic sinus (stem of the middle 
dural plexus, typical of vertebrate embryos). The stem 
of the embryonic metencephalic (later trigeminal or 
anterior cerebellar) vein lies at the level of the 5th nerve 
root. A secondary anastomosis between one of its tribu- 
taries and the developing basal cerebral vein on the di- 
encephalon must pass across the midbrain and thus in- 
corporate part of the embryonic mesencephalic vein. The 
first stages in the longitudinal basal anastomoses between 
the primitive telencephalic, diencephalic, mesencephalic, 
and metencephalic veins were seen in several well in- 
jected embryos of the present series (figs. 6, 8, 11, 16; 
pl. 5Cr). 

A postnatal vein, often well defined in or near the 
lateral mesencephalic sulcus of the brain stem (fig. 17Ar), 
results from the embryonic anastomoses forming the 
basal vein, and hence may be called the Jateral mesen- 
cephalic (anastomotic) vein. Constituting an anastomo- 
sis between the great anterior cerebellar vein and the 
basal vein, near its junction with the internal cerebral 
vein, the mesencephalic vein was conspicuous in several 
newborn and adult brains dissected for the present study, 


and in one of two corrosion specimens (see Introduc- 
tion). The only adequate illustration of an anatomical 
specimen known to the author, however, is by Hédon 
(1888, pl. 2). Hochstetter (1938) reported in detail on a 
human adult in whom the left basal cerebral vein emp- 
tied into the superior petrosal sinus, thus obviously rep- 
resenting a persistent and well developed lateral mesen- 
cephalic vein; on the right side, the basal cerebral joined 
the great cerebral vein, as is commonly described for 
adults—an example of Bedford’s “combination type” 
(in the monkey), referred to above. Such exclusive or 
accessory lateral drainage of the basal cerebral vein, 
potentially important and including, of course, that of 
the internal cerebral vein, is undoubtedly more frequent 
than is generally realized. 


Cerebellar Veins 


Thus far, drainage of the cerebellum has been men- 
tioned only incidentally. With regard to the veins of the 
cerebrum, it has been seen why those near its base are 
the first to develop. The often conspicuous, but highly 
variable, anastomoses in the adult between the super- 
ficial middle cerebral veins and the tributaries of the 
superior sagittal and transverse sinuses, namely the great 
anastomotic veins of Trolard and L’Abbé, are secondary; 
they are not identified until sometime after 80 mm., 
when the expanded dorsolateral cerebral wall, as con- 
trasted to the more precocious medial parts comprising 
the basal nuclei, has begun to differentiate (between 3 
and 6 months, according to Hédon; see his pl. 5). Simi- 
larly, very few of the larger adult cerebellar veins may 
be identified at the 60- to 80-mm. stage, because the 
adult hemispheres are still represented by the cerebellar 
plates only; these primordia have become fused cranially 
in the mid-line, but have not yet grown caudally to cover 
the membranes of the fourth ventricle (fig. 16A). The 
primary and most conspicuous vein of the cerebellum, 
therefore, is located at its base in the fore part of the 
posterior fossa. ‘This is the ventral metencephalic vein, 
which emerged in stage 4 (fig. 8B) and has constantly 
provided drainage of the primitive pons and the cere- 
bellar plate (pls. 1, 2). Although its proximal end be- 
comes enclosed in the dura above the petrosal crest, to 
constitute the essential part of the definitive superior 
petrosal sinus, as was discussed above, the ventral meten- 
cephalic vein is clearly homologous to the relatively con- 
stant “trigeminal vein” of vertebrates (Hofmann, 1901) ; 
it has a comparable position and drainage. 

The important primary cerebellar vein just noted has 
been given no specific anatomical name in the human 
adult. Its conspicuous trunk, entering the superior pe- 
trosal sinus, however (shown unlabeled in several text- 
book illustrations of actual specimens), is well known to 
neurosurgeons, and has been called the “petrosal” or 
“petrous” vein (Bailey, 1948); Hédon (1888, fig. 1, pl. 4) 
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designated it the “vein of the pneumogastric lobule,” in 
reference to an old name for the flocculus, near which 
its tributaries are consolidated into one or more main 
stems before they enter the superior petrosal sinus. The 
vein drains parts supplied by all three cerebellar arteries, 
particularly the anterior inferior, and also the territory 
of the internal auditory artery. As a primary vein con- 
stituting the predominant drainage of the metencepha- 
lon, it is comparable in the adult to the great cerebral 
vein, which secondarily develops intra- and extra-cerebral 
tributaries. The superior, inferior, lateral, and medial 
cerebellar tributaries of the metencephalic vein in the 
adult include drainage of the pons and medulla, and 
also the dentate nucleus (fig. 17B), as was noted by 
Bailey. In view of its importance, the name great ante- 
rior cerebellar vein is appropriate (fig. 16Az). 

In the embryo of stage 4, the conspicuous ventral 
metencephalic (“trigeminal”) vein anastomoses over the 
pons and medulla with the smaller ventral myelen- 
cephalic (“vagal”) vein, from which the inferior petrosal 
sinus is derived (stage 7). Hence, the myelencephalic 
vein may become an inferior medullary tributary of this 
sinus; it is often annexed, however, by the predominant 
great cerebellar vein, which drains, therefore, all brain 
tissue of the posterior fossa except the most dorsal and 
caudal parts of the cerebellum, the last to develop. When 
present, the median superior cerebellar vein of the adult 
(designated and pictured by Heédon; also called the 
“superior vermian,” Morris’ Textbook of Anatomy, 1953) 
leaves the summit of the vermis to enter the great cere- 
bral vein; it may ultimately be represented among the 
many tributaries of the great anterior cerebellar vein. At 
stage 7a, its stem is sometimes seen among the plexiform 
channels in the region of the tentorial plexus, the future 
torcular (fig. 16A). 

A relatively inconspicuous vein of the embryo is the 
dorsal metencephalic vein of stage 7a (exaggerated in 
fig. 16A), first identified in late stage 4. This vessel is 
ultimately represented, however, by a prominent group 
of adult veins (including those exposed by the surgical 
suboccipital approach), which must be classified; to 
them, again, no precise anatomical name has been as- 
signed. From the developmental standpoint, the cerebel- 
lar veins are essentially comprised of only two main 
groups, commonly joined by anastomoses. The more 
primitive group, developmentally and phylogenetically, 
constitutes the anterior cerebellar veins, which often 
terminate in the one conspicuous primary trunk just 
described, the essential component of the superior petro- 
sal sinus (see above). In many cases, these veins drain 
all except the most caudal aspects of the cerebellar lobe. 
The posterior cerebellar group, which develops parallel 
with later cerebellar expansion, includes prominent su- 
perior and inferior tributaries, which were well illus- 


trated for the adult by Hédon (1888, pl. 3). The interest- 
ing way in which they often enter the transverse sinus is 
clarified in the present study. 

Primarily, the posterior cerebellar group of veins do 
not enter the transverse sinus as commonly portrayed, 
i.e. at various intervals between the superior sagittal and 
sigmoid sinuses. Instead, posterior cerebellar tributaries, 
superior, inferior, and lateral, meet in loops, either within 
the tentorium or densely attached to it, and join a lacuna- 
like intratentorial sinus; this in turn joins the transverse 
sinus through a more or less constricted (necklike) stem 
near the torcular (fig. 18C, D). The stem of the lacuna 
represents the tentorial end of the dorsal metencephalic 
vein of the present fetal stage (fig. 18B). In other words, 
the posterior cerebellar group of veins, like the anterior 
cerebellar, commonly enters the sinus by way of a single 
trunk, a primary vessel. This pattern, which must be 
frequent, has been well demonstrated bilaterally in adult 
specimens, including two corrosion preparations ac- 
knowledged in the Introduction. It is interesting that 
Gibbs and Gibbs (1934), in a dynamic study of the 
torcular region, incidentally pictured this tentorial la- 
cuna: as a diverticulum of the transverse sinus, it was 
noted in 19 of their 25 corrosion preparations, bilateral 
in 17. The significance of the diverticulum was not rele- 
vant to their study, but they designated it the “tentorial 
sinus”; from the developmental point of view, it may 
more precisely be called the cerebellar tentorial sinus in 
distinction to the cerebral tentorial sinus,’® described 
above, which is the primary drainage of the superficial 
middle cerebral veins. Although the caudal ends of these 
separate dural channels, various remnants of which are 
often found at birth and even later, may become essen- 
tially identical, one is primarily related to the cranial or 
cerebral layer of the tentorium, the other to its caudal 
or cerebellar side. 

Whereas the cerebellar tentorial sinus superficially 
resembles a lateral lacuna of the superior sagittal sinus, 
the tributaries of each are primarily different: the cere- 
bellar tentorial sinus receives essentially all the posterior 
cerebellar veins, but the cerebral dural lacunae are dilata- 
tions in adult life of the dorsal ends of the middle 
meningeal sinuses (“veins”; well illustrated in the Grant 
Ailas, 1951, fig. 479). Primarily, the parasagittal lacunae 
do not receive the superior cerebral veins, as was em- 
phasized for the adult by Bailey (1948). Nevertheless, 
since both groups of dural channels are derived from the 
anterior dural plexus (see stages 1, 2), specifically, from 
its components in the outer and inner dural layers, re- 
spectively, communications between them may persist, 
particularly in pathologic vascular conditions. 


1° Sphenotemporal sinus is often definitive for its postnatal 
remnant (p. 122). It should be noted that the term “tentorial 
sinus” was formerly applied to the straight sinus (rectus). 
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SUMMARY 


Full understanding of the complex pattern of veins in 
the region of the human head has been delayed because 
of inadequate knowledge of the basic plan. Particularly 
if complicated by variations, including arteriovenous 
anomalies, the plan is clear only when the stages of 
venous development in man are illuminated by com- 
parison with embryonic and adult patterns in other 
vertebrates. Definitive venous channels emerge from the 
primitive vascular net later than do the arteries, which 
influence their development; furthermore, the compli- 
cated venous anastomoses are essential to facilitate a 
greater adjustment to the changing needs of their en- 
vironment over a considerably longer period. The fol- 
lowing outline of stages, which necessarily overlap, can 
be followed by reference to plates 1 and 2; these are com- 
parable to plates similarly numbered in the arterial study 
(Padget, 1948), and are also accompanied by legends 
that summarize the sequence of events in man. (Vascu- 
lar stage 1 is not represented in this pictorial summary 
of the veins; see p. 82.) 

Stages 1 and 2 (fig. 19, pl. 1; fig. 27, pl. 2) of vascular 
development are similar in vertebrates. Characteristic 
features of the head are the pharyngeal bars, which are 
homologous to the gill-bearing arches of fishes and larval 
amphibians. In amniotes, the aortic arches in the first 
three bars contribute to the formation of the common 
and internal carotid arteries. Their dorsal branches sup- 
ply a capillary plexus in the future pial layer, which 
drains through many short vessels, dorsolateral to the 
neural tube, into a superficial venous plexus of the future 
dural layer. By way of three relatively constant dural 
stems, anterior, middle, and posterior, this plexus drains 
ventrally into a primary head-sinus (“head-vein”), con- 
tinuous with the anterior cardinal vein, which consti- 
tutes the primitive (internal) jugular vein. As the first 
two aortic arches are succeeded by a ventral pharyngeal 
artery (forerunner of the external carotid), the future 
facial region is drained by a corresponding vein, which 
becomes the typical linguofacial (common facial) tribu- 
tary of the internal jugular vein. The optic vesicle is vas- 
cularized by prominent vessels in the emerging maxillary 
process, the spinal cord by intersegmental vessels, which 
are precursors of the vertebral system of arteries and 
veins (figs. 19-21, pl. 1). 

During stages 3 and 4, the dural venous channels 
come to lie more laterally as the cerebral hemisphere and 
rhombic lip expand and the otic vesicle enlarges (figs. 
27-30, pl. 2). As a result, the head-sinus and the primi- 
tive internal jugular—this vein, not the external jugular, 
is the primary neck vein of vertebrates—migrate later- 
ally to certain cranial nerve roots except the trigeminal 
ganglion, medial to which the head-sinus appears to be 
anchored by its voluminous maxillary tributary (figs. 20, 


21, pl. 1). With continuing separation of the dural and 
pial layers of venous channels, most of the numerous 
primary anastomoses between them drop out. The few 
remaining anastomoses enlarge and thus constitute the 
stems of the primary veins, which pass transversely 
through the pia-arachnoid (fig. 30, pl. 2). Sometimes, by 
late stage 4, at least one such vein for each of the five 
divisions of the brain can be identified (fig. 6). The 
pial veins develop as secondary anastomoses between the 
primary pia-arachnoidal veins; they probably represent 
an elaboration of channels in the parts of the primitive 
capillary mesh not used by the preceding arteries, which, 
in becoming definitive, are somewhat elevated from the 
neural tube. The intrinsic pial veins consequently pass 
under and at a right angle to the arteries; this funda- 
mental pattern is particularly clear around the basilar 
artery and its branches (fig. 8). 

At the end of stage 4 (fig. 21, pl. 1; figs. 29, 30, pl. 2), 
drainage of the mammalian head is comparable to that 
of adult reptiles. The brain is still drained through the 
primary head-sinus, which leaves the primitive skull 
between the medial side of the 5th nerve and the otic 
complex. In birds, the caudal end of the head-sinus, 
after becoming crowded dorsally by the hyoid pharyn- 
geal pouch, is replaced by a secondary anastomosis be- 
tween two vessels: one is comparable to the linguofacial 
vein; the other, to the ventral end of the middle dural 
stem, which constitutes the extrachondrocranial pro-otic 
sinus. In all stages of reptiles and birds, the head is 
drained by the primary internal jugular system repre- 
senting the anterior cardinal vein. An external jugular 
vein apparently is not a typical development. 

By stage 5 (fig. 22, pl. 1), which represents a funda- 
mental pattern in mammals, the caudal end of the 
head-sinus, continuous with the internal jugular vein, 
has become crowded by otic development as in birds, but 
more laterally than dorsally. The head-sinus, therefore, 
is replaced by a secondary anastomosis that is intrachon- 
drocranial, namely the sigmoid sinus, dorsal to the otic 
capsule. A similar anastomosis formed cranially is the 
very primitive transverse sinus, at first recognizable only 
through its connections. The facial region is drained 
cranially by the prominent ophthalmic and maxillary 
tributaries of the head-sinus, and caudally by the linguo- 
facial tributary of the internal jugular. 

Stage 6 (fig. 23, pl. 1) is particularly significant in 
mammalian development. It marks the emergence of 
the external jugular system, which succeeds the external 
carotid. Thereafter, the essential difference between the 
venous pattern of most macrosmatic mammals and of 
primates resembling man is that the secondary external 
jugular system annexes most components of the primary 
internal system in those species in which the brain 
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becomes relatively less developed than the face and neck 
(pl. 6). At stage 6, however, all the brain except the 
medulla is drained into the junction of the sigmoid sinus 
(or its counterpart, underdeveloped in many mammals) 
with the primitive transverse sinus. Here, the cerebral 
veins empty by way of a conspicuous tentorial sinus 
(rhinencephalic vein typical of mammals), bordering 
the ventrocaudal aspect of the hemisphere. The primi- 
tive supraorbital and infraorbital (maxillary) veins also 
drain to this significant junction of channels by way of 
the extrachondrocranial pro-otic sinus. 

By stage 6 (figs. 31, 32, pl. 2), venous asymmetry of 
mid-line channels has become conspicuous in human 
development, for which compensation is possible after 
the appearance of a new channel. When, as a result of 
cardiac development, the sinus venosus constitutes a 
substantial detour for flow from the left side of the head, 
both the primitive superior sagittal and straight sinuses 
in the embryo drain more to the right. In certain mam- 
mals, including man, an excessive detour to the heart 
is either more or less counteracted by the formation of 
the left innominate vein—a transverse anastomosis be- 
tween the bilateral anterior cardinals (internal jugulars). 
If the secondary innominate later becomes essentially 
symmetrical with the primary right innominate vein 
(segment of the anterior cardinal), as does occur in 
many mammals (pl. 6A), a relative symmetry of the 
torcular pattern can result in the meshes of the tentorial 
plexus. Persistence of asymmetry of the innominate 
veins in anthropoid primates typified by man, however, 
is often reflected in persistent asymmetry of the sinuses 
at the torcular (pl. 6B). 

In stage 7 (fig. 24, pl. 1), the secondary external jugu- 
lar vein, just formed, begins to annex many tributaries 
of the primary internal jugular system, including the 
anterior facial (external maxillary) vein; this facial vein 
was formed in stage 6 by anastomosis of a tributary of 
the linguofacial vein with that of the maxillary vein, the 
stem of which has now become the outlet of all the 
veins in the orbit. The primitive emissary veins, which 
arose earlier to drain extracranial structures medially 
into the sinuses, become definitive by anastomosis with 
external jugular tributaries. The mastoid and temporal 
emissaries are particularly significant, and traverse fo- 
ramina relatively constant in the mammalian chondro- 
cranium (fig. 33, pl. 2). The mastoid vein, developed in 
response to the cervical musculature, thus may compen- 
sate for the small sigmoid sinus and internal jugular vein 
typical of adult mammals (pl. 6A). The embryonic 
temporal emissary (of the spurious jugular foramen in 
the chondrocranium) at first drains the region of the 
temporoparietal ossification centers medially into the 
sinuses; its stem later constitutes the fetal petrosquamosal 
sinus, which finally becomes diploic (tympanic) in man 


(fig. 24, pl. 1). The human pattern, however, is the ex- 
ception in mammals. Generally, the petrosquamosal 
channel enlarges to become the chief drainage of the 
brain into the external jugular system, a secondary anas- 
tomotic development that is accompanied by secondary 
dwindling of the internal jugular vein. These contrast- 
ing patterns are shown diagrammatically (pl. 6). 

The primary stems of the pia-arachnoidal veins drain- 
ing the brain (stage 4) increase in length as the cerebral 
hemisphere expands before stage 74. Meanwhile the 
Galenic system of intracerebral drainage emerges as the 
result of accelerated growth of the basal nuclear masses 
and the choroid plexus almost filling the lateral ventricle, 
of which the bulk of the primitive cerebral hemisphere 
is constituted. The straight sinus, continuous with the 
great cerebral and internal cerebral veins, is primarily, 
however, the outlet of the superior choroid vein only 
(fig. 24, pl. 1); the terminal vein, and its intracerebral 
tributaries, are developed later, parallel with pallial ex- 
pansion. In this and earlier stages, the choroid plexus, 
corpus striatum, and diencephalon are drained by pri- 
mary pia-arachnoidal (telencephalic and diencephalic) 
veins, tributaries of the tentorial sinus that are incor- 
porated into the later basal cerebral vein. 

The extrachondrocranial pro-otic sinus (primary stem 
of the middle dural plexus) is the caudal outlet of the 
supraorbital and infraorbital veins until stage 7, when 
development of its secondary medial derivatives, the 
cavernous and inferior petrosal sinuses, substitutes an 
intracranial route in man. In other mammals, orbital 
drainage is chiefly annexed by the external jugular vein. 
While being pushed craniolaterally by the expanding otic 
capsule, the middle part of the pro-otic sinus dwindles 
in the human fetus (figs. 36, 37, pl. 2). Meanwhile, its 
lateral tributaries emerge to drain the frontal and subse- 
quent parietal ossification centers; these centers are sup- 
plied by the middle meningeal artery, which annexes the 
stapedial branch of the internal carotid. The stem of the 
meningeal artery is just lateral to the pro-otic sinus, but 
the branches of the artery and tributaries of the sinus 
reverse this position: the venous channels, in other words, 
lie between the arteries and the primitive bones. As is 
clear in stage 4, the pia-arachnoidal veins, in approaching 
the sinuses, likewise change their position relative to the 
arteries. While they are both endothelial tubes, pial veins 
cross at right angles under the arteries, and consequently 
they do not parallel one another. When the arterial walls 
have notably thickened, the dural meningeal vessels, for 
instance, accompany each other. Similarly, the intimate 
relations in the cavernous sinus are not established until 
stage 7 (40 mm. in man). 

The primitive membrane bones of stages 7 and 7a 
(figs. 33-37, pl. 2) are not vascularized by the vessels of 
the scalp—a region initially avascular. Furthermore, the 
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scalp plexus when it appears is not the result of a vas- 
cular cleavage, which occurs, it must be noted, only be- 
tween layers of venous channels, specifically those of the 
dura and pia. Instead, the scalp plexus is separately de- 
rived from the external jugular and carotid systems dur- 
ing stage 6. Marked externally by a conspicuous margin, 
the plexus advances up over the vault on all sides, sepa- 
rated from the bones by a considerable interval of avas- 
cular tissue. The hiatus in the plexus closes sometime 
after the 4o-mm. stage in the region of the future parietal 
foramen. Among the emissaries, which typically com- 
prise primary vessels at the skull base, those of the 
parietal (and associated, but very rare, occipital) foramen 
appear to be unique. The entire complex, arterial and 
venous, seems to be a secondary anastomosis not incor- 
porating primary vessels, and suggests genetically ves- 
tigial remnants of vascularity in the region of an 
ancestral pineal eye. This interesting region of the 
cranial vault, including the parietal (“sagittal”) fontanel 
that ossifies to form the parietal foramen either before or 
after birth, calls for further study in reference to normal 
and abnormal morphology (Padget, 1956). 

Stage 7a (fig. 25, pl. 1) is not represented in the pre- 
vious account of the arteries (Padget, 1948), for they 
have already attained the essential adult configuration 
by 40 mm. (stage 7). Not until approximately 80 mm., 
when the venous pattern in the human embryo is com- 
parable to that of the adult in other mammals, does the 
transverse sinus begin to assume its definitive position; 
its caudal swing on the sigmoid as the result of cerebral 
growth (figs. 22-25, pl. 1) resembles that of the posterior 
communicating artery. The expansion of the cerebral 
hemisphere and otic capsule by the 80-mm. stage is re- 
sponsible for the definition of the last of the major adult 
sinuses to appear, the superior petrosal (figs. 36, 37, 
pl.2). The direct contiguity of the sinus with the petrosal 
crest is peculiar to certain primates typified by man. 
Nevertheless, the stem of the great anterior cerebellar 
vein, of which the sinus constitutes essentially a dural 


envelopment, is the primary metencephalic (trigeminal) 
vein characteristic of representative vertebrates. 

The most important vein at the base of the brain is not 
clearly defined until stage 72 (60 to 80 mm.) in man. 
The basal cerebral vein represents a channel, or frag- 
ments thereof, typical of adult mammals, which is 
derived from primary veins typical of vertebrates. These 
vessels include the primary drainage of the basal nuclear 
masses, in spite of the earlier appearance of the internal 
cerebral vein, which emerges as the outlet of the superior 
choroid vein only. The basal vein develops as a longi- 
tudinal pial anastomosis between primary pia-arachnoidal 
veins, ic. the transverse telen-, dien-, mesen-, meten- 
(trigeminal), and myelen-cephalic (vagal) veins of stages 
4 and 5. These primitive veins, particularly the first 
three, become the adult tributaries of the basal vein as 
shown in figure 35 (pl. 2). One of these tributaries, the 
lateral mesencephalic vein, is especially important. It 
may constitute part, or all, of the outlet of the basal 
cerebral (and/or internal cerebral) vein into the superior 
petrosal sinus by way of the great anterior cerebellar 
(metencephalic) vein. Such lateral drainage of the basal 
vein occurs often in many mammals (including certain 
primates), in which essentially all intracranial drainage 
converges to the junction of the transverse and sigmoid 
sinuses (pl. 6). This pattern typifies stages 6 and 7 in 
human development, and frequently persists, although 
the medial route into the great cerebral vein may usually 
be predominant in adult man. 

Subsequent venous changes in human development 
depend chiefly upon the expansion of the cerebral and 
cerebellar hemispheres and the relatively late ossification 
of the skull. Since certain significant anastomoses in 
the dura often occur after birth, the typical configuration 
in the newborn differs from that in the adult *° (figs. 38, 
39, pl. 2). These contrasting patterns, together with an 
outline of other obscure features of the postnatal con- 
figuration, and including comments on the embryologic 
background of congenital arteriovenous anomalies, have 


been published elsewhere (Padget, 1956). 


ADDENDUM ES 


Since this paper was written, there has come to hand 
a monograph by Dr. Richard Lindenberg [1956: Die 
Gefassversorgung und ihre Bedeutung ftir Art und Ort 
von kreislaufbedingten Gewebsschaden und Gefasspro- 
zessen, in Lubarsch, Henke, and Rossle, Handbuch der 
speziellen pathologischen Anatomie und Histologie, 
vol. 13 (ed. W. Scholz), pt. 1B, chap. 2, pp. 1071-1164]. 
The section on anatomy is well illustrated by photographs 
of dissected specimens. Of these, his figure 28, a rare 
illustration of the basal cerebral vein, is directly com- 
parable to the present figure 17Ar; it includes the im- 
portant potential anastomosis, the lateral mesencephalic 


vein (v. sulci lateralis; it is large in his fig. 18), together 
with two conspicuous tributaries draining the inferior 


16 This evidence, though strong developmentally, is based on 
a small number of infant and adult heads (ca. 25; see Introduc- 
tion). Owing to certain limitations of dissection, more corrosion 
specimens are particularly called for, especially of later fetal 
stages, although obtaining complete venous injections without 
extravasation is technically very difficult in postmortem ma- 
terial. Similarly, until more material has been collected, undue 
weight must not be given the author’s observation (Padget, 1948, 
and earlier) that, typically, there is less relative difference in the 
size of the several arteries comprising the circle of Willis in 
infants than in adults; as stated in 1948, no-essential difference in 
arterial patterns has been demonstrated, contrary to the situation 
regarding a number of dural venous channels. 
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ventricular horn and thalamus. By way of this vein, the 
more anterior group of cerebellar veins may sometimes 
drain the region of the dentate nucleus into the basal or 
great internal cerebral vein, as he notes; primary drainage 
of this region, however, is by way of the superior petrosal 
sinus. (Essentially, his Vv. flocculares, together with the 
Vv. cerebellares rostrales, mediales, and laterales, consti- 
tute the great anterior cerebellar system of the present 
account.) 

Other observations of interest here (supplemented by 
personal communication) include the following. 

1. The frontal emissary vein that traverses the region 
of the adult foramen cecum (Padget, 1956, p. 328) is 
identifiable with Zuckerkandl’s vein of infancy (Linden- 
berg, pp. 1078, 1114), as it is called on the continent. This 
vein, apparently secondary in human development, passes 
through the skull at least prior to completed ossification. 
Its incidence, especially in juveniles, and whether its large 
size is abnormal or a normal variant are not apparent. 

2. This ventral or orbital frontal emissary must be dis- 
tinguished from a more dorsal emzssarium frontale (Lin- 
denberg’s diagram after Clara, fig. 29), seen by Linden- 
berg in several specimens. Occasionally bilateral, but 
apparently not common, its foramen has been found just 
in front of the coronal suture near the mid-line. This 
perforating skull foramen, like the parietal (and rare 
occipital), is undoubtedly the remnant of one of the nor- 
mal fontanels (Padget, 1956, p. 328); the vein is assumed 
to be a secondary anastomosis that forms sometime dur- 
ing fetal as opposed to embryonic life (pp. 119, 136). 

3. The deep thalamic vein (Padget, 1956, p. 314), 
which Lindenberg refers to as the “Zentralvene der 


oralen Thalamushilfte” (his p. 1110; also fig. 64), is 
prominent and significant; in the very early fetal stages 
that conclude the present series, it is the only thalamic 
drainage into the internal cerebral vein. 

4. A rich network of sinusoids is frequent in the ten- 
torium, especially in juveniles, and represents remnants 
of the primary drainage of the embryonic cerebral and 
cerebellar hemispheres. 

5. Lindenberg believes that there is strong evidence 
supporting, though not necessarily proving, the exist- 
ence of the postnatal intracerebral anastomotic veins of 
Schlesinger (see Padget, 1956, p. 315). Certainly, most of 
the length of such veins would represent a persistence of 
embryonic conditions, in which all drainage of the 
ependymal region is directed laterally to the periphery. 
But how the veins concerned become anastomosed with 
the tributaries of the terminal vein, indeed, just how the 
stem of this vein beneath the stria terminalis, and possibly 
at first extracerebral, becomes enclosed within the ven- 
tricular wall (see footnote 11, p. 112), are interesting 
features of stages beyond the scope of this study that 
await clarification. Various details near the superior sagit- 
tal sinus and its lateral lacunae, which involve seemingly 
few and minor emissaries under normal conditions, also 
require exploration. It is to be hoped that future studies 
on the development (fetal and postnatal?) of the sub- 
arachnoid and subdural spaces, especially of the arachnoid 
granulations—and current observations (unpublished) 
show that macroscopic arachnoid villi are by no means 
limited to the region of the cranial vault—will answer 
these questions regarding venous development in later 
fetal stages. 
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a., ad., artery, arteries 
anast., anastomosis, anastomotic 
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aort., aorta, aortic 

arach., arachnoid 

audit., auditory 

auric., aur., auricular 

ax., axillary 

b., bone 

bas., basal, basilar 
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br., brs., branch, branches; brachial 
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brach., brachial 
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carot., carotid 
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gr., great 
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h.-c. ch., hepatocardiac channel (of Streeter) 
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hyp., hypophysis 

hypoglos., hypogl., hypoglossal 

inf., inferior 

innom., innominate 

int., interval 

int.vent., interventricular 
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interped., interpeduncular 
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jugul., jug., jagular 

jug.-ceph., jugulocephalic 

junct., junction 

igealett 

lab., \abial 
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lig., ligament 

ling., lingual 

ling-fac., linguofacial 

mag., magn., magnum 

mam., mammilary 

margin., marg., marginal (sinus; vein of hand plate) 
mast., mastoid 
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med., medial 

mening., menin., men., meningeal 
mesenceph., mesen., mesencephalon, mesencephalic 
metenceph., meten., met., metencephalon, metencephalic 
mid., middle 

myelenceph., myelen., myelencephalon, myelencephalic 
n., nerve 
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olf., olfactory 

ophth., oph., ophthalmic 
oph.-mening., ophthalmomeningeal 
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sir., straight Vesal., Vesalius 


PLATE I 


The development of cranial venous channels as related to the 
growth of their environment. The numbering of the vascular 
stages ® facilitates correlation with the arteries (Padget, 1948, 
pls. 1, 2); Roman numerals denote the horizons (age groups) of 
Streeter (1942-1951); crown-rump lengths are approximate. 


Fic. 19. Stage (1 and) 2, xiv, 5 to 8 mm. The walls of the 
neural tube, covered by a continuous plexus (not shown), drain 
dorsolaterally into a superficial (primitive dural) plexus, which 
empties through three (dural) stems into a head-sinus con- 
tinuous with the anterior cardinal vein. The mandibular and 
hyoid pharyngeal bars are drained by a ventral pharyngeal vein; 
the emerging maxillary process, by a maxillary (infraorbital) 
vein. 

Fic. 20. Stage 3, xvi, 8 to 11 mm. The head-sinus remains 
medial to the trigeminal ganglion, but is migrating lateral to 
cranial nerves 7 to 10. A remnant of the medial channel is part 
of a myelencephalic vein; this and a diencephalic vein are the 
first pia-arachnoidal veins. The ventral pharyngeal vein enters 
the primitive internal jugular at the junction of the 1oth and 
12th nerves. The maxillary vein drains both optic and olfactory 
regions. A marginal vein of the hand plate empties into the 
primitive subclavian vein. 

Fic. 21. Stage 4, xvii, 11 to 14 mm. Having completed its 
migration lateral to the 12th nerve, in which the ventral pharyn- 
geal vein shares, the anterior cardinal vein has the position of the 
adult internal jugular vein. The cervical intersegmental veins 
are uniting to form the vertebral vein. Each subdivision of the 
brain is drained laterally into the dural plexuses by at least one 
primitive pia-arachnoidal vein, as designated. Note the primitive 
supraorbital vein and its relation to the junction of the 4th and 
5th nerves. 

Fic. 22. Stage 5, xix, 17 to 20 mm. As the pharyngeal bars 
differentiate and their nerves develop, a channel between the 
middle and posterior dural plexuses forms the sigmoid sinus; 
accordingly, the head-sinus dwindles ventral to the labyrinth. 
Lateral tributaries of the maxillary and linguofacial veins drain 
the maxilla and mandible, respectively. Components of the an- 
terior dural plexus, the marginal and tentorial sinuses, border 
the expanding hemisphere caudally. A jugulocephalic vein, de- 
rived from the primitive subclavian vein, arches over the pri- 
mordial clavicle (x) and receives a vein from the radial border 
of the arm. 

Fic. 23. Stage 6, xxi, 22 to 24 mm. The supraorbital vein no 
longer drains into the anterior dural stem, which has dwindled; 
it is continuous, by way of the head-sinus, with the pro-otic sinus 
(middle dural stem; note the reversal of its fow), which emp- 
ties into the new sigmoid sinus (incorporating the posterior 
dural stem). After anastomosis of its lateral tributaries with the 
new anterior facial vein (lateral tributary of linguofacial vein), 
the stem of the maxillary vein is attenuated. A secondary left 
innominate vein unites the internal jugulars. An anastomosis in- 
volving the jugulocephalic vein forms the definitive subclavian 
vein, from which the external jugular vein arises. Cerebral 
growth has elongated the tentorial sinus draining the superficial 
middle cerebral veins. The shifting marginal sinus constitutes 
the medial end of the primitive transverse sinus. Drainage of 
the choroid plexus of the lateral ventricle is primarily by the 


ventral diencephalic vein, supplemented later by the primitive 
internal cerebral vein. Note the consolidation of the anterior 
and middle dural plexuses into a tentorial plexus (future tor- 
cular). 

Fic. 24. Stage 7, 40 mm. Plexiform elements of the newly 
developing cavernous sinus are medial extensions of the pro-otic 
sinus. They are continuous with the new inferior petrosal sinus, 
a similar extension of the ventral myelencephalic vein, which 
joins the internal jugular below its foramen. The primary maxil- 
lary vein is no longer recognizable, because its trunk, after 
anastomosis with the supraorbital vein, has become the stem of 
all the veins of the orbit. A lateral tributary of the pro-otic 
sinus, which primarily receives the middle meningeal sinuses, 
anastomoses (through the spurious jugular foramen) with a 
primitive temporal emissary tributary of the sigmoid sinus to 
form the petrosquamosal sinus. An anastomosis between the 
external jugular and common facial veins constitutes the pos- 
terior facial vein. The primitive emissary veins near the skull 
base primarily drain medially into the sinuses; later they anas- 
tomose with the external jugular system. 

Fic. 25. Stage 7a, 60 to 80 mm. Cerebral growth and expan- 
sion of the otic capsule are responsible for a new superior 
petrosal sinus, which is the dural (tentorial) end of the ventral 
metencephalic (great anterior cerebellar) vein. The primitive 
transverse sinus has been swung backward on the sigmoid sinus, 
and receives the elongated tentorial sinus continuous with the 
superficial middle cerebral veins. Being primarily the drainage 
of the superior choroid vein, the internal cerebral vein is still 
primitive; it receives only one intracerebral (anterior thalamic) 
tributary. The basal cerebral vein is formed by longitudinal pial 
anastomoses between several primitive veins: the telencephalic 
(deep middle or anterior cerebral), the ventral and dorsal dien- 
cephalic, the mesencephalic, and ventral metencephalic veins, and 
a caudal diencephalic tributary of the primitive internal cerebral 
vein; anastomosing the new basal vein with the ventral meten- 
cephalic (great anterior cerebellar) vein, the lateral mesen- 
cephalic vein is a potential lateral outlet of the basal (and in- 
ternal) cerebral vein by way of the superior petrosal sinus. The 
pro-otic sinus is continuous with the definitive petrosquamosal 
sinus. 

Fic. 26. Adult pattern (shown in an infant head). Between 
the fetus of the 3d month and term, secondary intracerebral 
tributaries of the internal cerebral vein supplement similar 
primary components of the basal cerebral vein, completed earlier; 
included are superior striate tributaries of the terminal vein, 
formed by extraventricular vessels that are secondarily enclosed 
in the floor of the ventricle. In the development of the super- 
ficial cerebral groups of veins, the superior and posteroinferior 
emerge considerably later than does the primary middle cerebral 
group. The petrosquamosal sinus and the tributaries of the pro- 
otic sinus primarily drain the dura and bone. They become 
diploic in adult life, when the middle meningeal sinuses drain 
secondarily through the foramen ovale and into the superior 
sagittal sinus. Remnants of the tentorial sinus, frequently per- 
sistent, may be involved in two late anastomoses (arrows) that 
unite the cavernous sinus cranially with the middle cerebral 
veins, and caudally with the superior petrosal sinus. 
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PLATE 2 


These figures, to be correlated with those of plate 1, also show 
intermediate stages. Figures 27 to 35 are venous channels at the 
base of the brain as viewed from below. 


Fic. 27. Stage (1 and) 2, xiv, 5 to 8 mm. The primary head- 
sinus is medial to the 5th and roth nerves, but has migrated 
laterally to the 7th to 9th nerves and the otic vesicle. Its dorsal 
tributaries are the three dural stems of the superficial plexuses 
draining the neural tube dorsolaterally. Ventrally, a maxillary 
tributary drains the optic and olfactory regions. A ventral 
pharyngeal vein joins the anterior cardinal vein. 

Fic. 28. Stage 3, xvi, 8 to rr mm. With differentiation of the 
telencephalon and diencephalon, two veins draining these regions 
emerge; they join the anterior dural plexus, in the fore part of 
which is the primitive marginal sinus bordering the cerebral 
hemisphere. The head-sinus has begun to migrate laterally to 
the roth nerve. 

Fic. 29. Stage 4, xvii, 11 to 14 mm. Although the head-sinus 
is now essentially lateral to the roth nerve, its former medial 
position is represented by the stem of a ventral myelencephalic 
vein. Voluminous tributaries of the maxillary vein include the 
primitive central vein of the retina. Note the primitive supra- 
orbital vein. 

Fic. 30. Stage 4, xvii, 14 to 16 mm. At least one vein identi- 
fied from each subdivision of the primitive brain traverses the 
primitive arachnoid to join components of the dural plexuses. 
Longitudinal (and later transverse) anastomoses between the 
distal ends of these veins form the pial venous net and veins, 
which are subjacent to the arteries. A dorsal pharyngeal vein 
accompanies the great superficial petrosal nerve. 

Fic. 31. A, B (in developmental sequence). Stage 5, xix, 17 
to 20 mm. Note the venous asymmetry. On the embryo’s left 
(A), the secondary anastomosis (between the middle and pos- 
terior dural stems) that forms the sigmoid sinus is less advanced 
than that on the right side (B); thus, the left head-sinus, which 
the new channel supersedes, has dwindled less than the right. 
Drainage from the mid-line, in the region of the superior sagittal 
and transverse sinuses, passes predominately to the right (B) by 
way of the marginal sinus. The primitive straight sinus also 
passes to the right. The ventral pharyngeal vein (shown on the 
left only) is now a definitive linguofacial vein; its lateral tribu- 
taries will anastomose with those of the maxillary vein. 

Fic. 32. A, B (in developmental sequence). Stage 6, xxi, 22 
to 24 mm. Asymmetry of drainage from mid-line channels is 
again evident, so that the lateral choroid plexus drains mostly to 
the right through the primitive straight sinus (B). The middle 
dural stem, now the pro-otic sinus, becomes the direct continua- 
tion of the primitive supraorbital vein. The anterior dural stem 
has dwindled, more on the right, resulting in dorsal drainage of 
the middle cerebral veins into the primitive transverse sinus. 
Anastomosis between the linguofacial and maxillary veins 
(shown on the left only) forms the anterior facial vein, which 
annexes lateral tributaries of the dwindling maxillary vein. 

Fic. 33. Stage 7, 40 mm. Plexiform extensions of the pro-otic 
sinus and of the dural end of the myelencephalic vein, respec- 
tively, are the cavernous and inferior petrosal sinuses. The 
primary condyloid and mastoid emissary veins drain medially 
into the sigmoid sinus before their anastomosis with the external 
jugular system. The pro-otic sinus has two tributaries: the ven- 
tral metencephalic vein, to constitute the superior petrosal sinus; 
and the primitive middle meningeal sinus, draining the mem- 
brane bones. Including anterior and deep cerebral (pial) tribu- 
taries, the superficial middle cerebral veins are still directly con- 
tinuous with the tentorial sinus, which is elongated by the 
expanding hemisphere, and joins the primitive transverse sinus. 

Fic. 34. Stage 7a, 60 mm. A longitudinal anastomosis between 
the deep telen-, dien-, and mesen-cephalic veins constitutes the 
major part of the basal cerebral vein. A similar anastomosis be- 
tween the diencephalic and metencephalic veins becomes a sig- 


nificant lateral mesencephalic vein. The stem of the ventral 
metencephalic (anterior cerebellar) vein becomes the superior 
petrosal sinus. Becoming plexiform and dwindling, the caudal 
end of the tentorial sinus is shifted toward the sigmoid sinus. 

Fic. 35. The postnatal pattern. Parts of the left temporal lobe 
are cut away to show the basal cerebral vein. Note these tribu- 
taries: the variable anterior cerebral vein; the inferior striate 
veins; the interpeduncular vein from the posterior perforated 
area; the inferior ventricular vein with tributaries from the ven- 
tricular walls, including an inferior choroid vein; the lateral 
mesencephalic vein—an anastomosis with the great anterior 
cerebellar vein. The superficial middle cerebral veins drain 
through the remnant of the tentorial sinus (sometimes a super- 
ficial vein) or, secondarily, into the cavernous sinus. Note the 
internal occipital vein from the visual cortex, and the posterior 
cerebellar veins, emptying into a tentorial lacuna before reaching 
the transverse sinus. 


Venous channels at the base of the chondrocranium 


(figs. 36, 37) and skull (figs. 38, 39) as viewed from above 


Fic. 36. Stage 74, 60 mm. The orbito-ophthalmic veins drain 
laterally through the primary pro-otic sinus, and medially 
through the cavernous and inferior petrosal sinuses, both sec- 
ondary. The tentorial sinus, constituting the only drainage of 
the primitive middle cerebral veins, may follow the edge of the 
lesser sphenoid wing. Tributaries of the primitive superior 
petrosal sinus (end of the metencephalic vein) may annex those 
of the myelencephalic vein, whose stem is the caudal end of the 
inferior petrosal sinus. Between the primitive temporal emissary 
vein (of the spurious jugular foramen) and the dural meningeal 
tributary of the pro-otic sinus is the anastomosis constituting the 
petrosquamosal sinus. 

Fic. 37. Stage 7a, 80 mm. The definitive superior petrosal 
sinus surmounts the enlarged otic capsule. Lying between this 
cartilage and the parietal (and temporal) bone, the petro- 
squamosal sinus becomes continuous with the pro-otic sinus, 
which is dwindling, since it is no longer the exclusive outlet 
of the orbito-ophthalmic veins. Although cranially anastomosed 
with the anterior facial vein, the orbital veins drain caudally 
into the new cavernous sinus continuous with the inferior 
petrosal sinus. 

Fic. 38. Typical infant at birth. The cavernous and inferior 
petrosal sinuses, the new caudal outlet of the orbital veins, do not 
communicate with the middle cerebral veins, which drain, in- 
stead, through the tentorial sinus, which has a variable position. 
Veins of the posterior fossa, only, are drained by the superior 
petrosal sinus; it is not connected with the cavernous sinus. 
Since the middle meningeal sinuses are superficial to the artery, 
they look like two “veins” bordering it. The persistent petro- 
squamosal sinus may be connected with deep temporal veins by 
way of a temporal emissary vein. The marginal sinus of the 
foramen magnum is the remnant of the posterior dural plexus. 

Fic. 39. Typical adult. Note the secondary anastomoses 
(arrows) between the cavernous sinus and (1) the tentorial 
sinus, which may lie in the position of the sphenoparietal sinus, 
and drains the superficial middle cerebral veins, and (2) the 
superior petrosal sinus, the dural continuation of the great an- 
terior cerebellar vein; when the tentorial sinus is located more 
laterally, such anastomoses are less likely to occur. Extending 
below the mandibular nerve root, the typical lateral wing of 
the cavernous sinus is a remnant of the pro-otic sinus, continuous 
with the emissary veins of the foramen ovale. The ophthalmo- 
meningeal sinus accompanies the artery of the same name, a 
primary anastomosis (variable) between the ophthalmic and mid- 
dle meningeal arteries. Having become diploic, the petro- 
squamosal sinus receives superior tympanic veins. The head-sinus 
is represented by the superficial petrosal vein, which accompanies 
the nerve of the same name. 
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PLATE 3 


Coronal reconstructions of six embryos of six stages viewed 
from in front: A, embryo Carnegie no. 2841, 5.3 mm., xiv, stage 
2; B, no. 1121, 11.8 mm., xvi, stage 3; C, no. 1771, 12.5 mm., 
xvii, stage 4; D, no 492, 16.8 mm., xviii, borderline stages 4, 5; 
E, no. 966, 23 mm., xx, stage 6; F, no. 886, 43 mm., stage 7. A is 
twice the magnification of B, C, D, and E; F is one-fifth the 
magnification of A. 

Note the secondary development of venous asymmetry above 
the heart. The cardiac sinus venosus, initially short and wide, 
shifts flow from the left side of the head into the right primitive 
atrium (A). By the next stage (B), this sinus is attenuated, 
curved, and elongated, thus constituting a substantial detour, 
reflected in the drainage of the primitive sagittal and straight 
sinuses to the right side predominantly. About horizon xx (D), 
a secondary plexus of thymicothyroid veins, surmounting the 
aortic arch, connects the bilateral internal jugulars (anterior 
cardinals). When a channel in this plexus is elaborated into the 
left innominate vein (E), the temporary detour is overcome, or 
lessened to an extent that varies, depending on the ultimate rela- 
tive length and direction of the two innominates (F); in adult 
mammals generally, unlike man, typifying certain anthropoids, 


the secondary vein on the left becomes essentially symmetrical 
with the primary one on the right, which is merely a component 
of the anterior cardinal (internal jugular) vein (cf. pl. 6, in- 
serts). 

These figures also show certain stages in the development of 
the following vessels: the basilar sinus (D), medial anastomos- 
ing extensions of each inferior petrosal sinus (F), a plexiform 
derivative of the dural stem of the ventral myelencephalic vein 
(B-D); the intercavernous sinuses, similar extensions of each 
cavernous sinus, derived from the pro-otic sinus (F); the com- 
mon facial vein [it is primarily an internal jugular tributary (E, 
left side of embryo) that represents the earlier linguofacial vein 
(B-D) and, before that, the ventral pharyngeal vein (A) ], some- 
times annexed by the external jugular vein (E, right side of 
embryo); the secondary anastomosis between the primitive sub- 
clavian and jugulocephalic veins (E) that defines the adult sub- 
clavian vein with its cephalic (and ulnar) tributary (F); the 
emergence of the external jugular vein (F) as a cranial exten- 
sion of the jugulocephalic vein, which incorporates its proximal 
end (D, E). 
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PLATE 4 


Graphic reconstructions of vessels related to the chondro- 
cranium as viewed from above in two embryos of stages 7 and 
va: Ai, Carnegie no. 886, 40 mm., stage 7 (right side reversed) ; 
B, left side of no. 613, 80 mm., stage 7a; A2, base of the brain of 
the younger embryo (no. 886; lesser magnification). The 
cavernous sinus constitutes medial and plexiform derivatives of 
the pro-otic sinus that surround the internal carotid artery (Ar, 
B). The inferior petrosal sinus is a similar extension derived 
caudally from the dural end of the ventral myelencephalic vein. 
As the otic capsule expands, the pro-otic sinus (A) dwindles 
(B); its former exclusive drainage of the orbito-ophthalmic veins 
(Ar) is being annexed by the new inferior petrosal sinus. Otic 
expansion also leads to the definitive appearance of the new 
superior petrosal sinus (B), which essentially constitutes the 
stem of the primary ventral metencephalic vein (Ar). The 
formation of the petrosquamosal sinus begins with an anas- 


tomosis joining the primitive temporal emissary vein of the 
spurious jugular foramen (A1) with a tributary of the pro-otic 
sinus. By the time it becomes definitive in lying between the 
expanding parietal (and squamous temporal) bone and the otic 
capsule (B), the petrosquamosal sinus has annexed the caudal 
end of the pro-otic sinus. Note that the only part of the adult 
middle fossa represented in the chondrocranium is the tem- 
poral wing. Thus, the pro-otic sinus and its tributaries, including 
the middle meningeal sinus, are primarily extracranial. By the 
80-mm. stage (B), the tentorium has been swung caudally and 
lies in approximate adult position. Within it, the elongated 
tentorial sinus still drains the prominent superficial cerebral veins 
(Az); its attenuated caudal end has begun to migrate along 
the transverse sinus toward the cranial end of the sigmoid sinus 


(B). 
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PLATE 5 


Lateral reconstructions of three early fetuses to show the emer- 
gence of the postnatal configuration in stage 7a: A, Carnegie no. 
4193, 48.5 mm.; B, no. 234a, 80 mm., is more advanced than 
Cr, no. 613, 80 mm. The primitive transverse sinus, bordering 
the margin of the expanding cerebral hemisphere, is pushed 
caudally into definitive position. Meanwhile, the tentorial sinus, 
previously elongated by cerebral expansion and initially joined 
to the torcular region (tentorial plexus, A), begins to migrate by 
anastomotic progression along the transverse sinus (BIC) Bess 
the caudal end of the tentorial sinus thus dwindles and becomes 
plexiform, its once exclusive drainage of the superficial middle 
cerebral veins and their derivatives (A, B) is supplemented by 
the formation of a new basal cerebral vein (C1). This vein 
emerges as a longitudinal anastomosis between several of the 
primitive transverse veins, particularly the telen-, dien-, and 
mesen-cephalic (cf. fig. 16), whose stems subsequently dwindle; 
note such a remnant of the ventral diencephalic vein (C1). The 


lateral mesencephalic (anastomotic) vein, a similar anastomosis 
between the mesen- and meten-cephalic veins, connects the basal 
cerebral (and internal cerebral) vein with the great anterior 
cerebellar vein, the dural end of which becomes the superior 
petrosal sinus (C1). After the pro-otic sinus is annexed by the 
petrosquamosal sinus, its caudal end becomes that of the superior 
petrosal sinus (cf. A, B). 

Insert C2 is a detail in the region of the left cavernous sinus 
(Cr) viewed from the front. Note the dwindling pro-otic sinus, 
the medial end of which is typically retained as the lateral wing 
of the cavernous sinus, a lateral extension draining the emissary 
veins in the foramen ovale, which are initially represented by the 
dorsal pharyngeal vein (cf. fig. 15). The only cranial remnant 
of the primary head-sinus of early stages is the cranial end of the 
pro-otic sinus it constitutes, from which the cavernous sinus is 
derived; the only caudal remnant, small and plexiform, follows 
the 7th nerve (C1), and drains the middle ear region. 
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Basic patterns (semidiagrammatic) of the craniocervical venous 
channels in the adult of a typical mammal (A), and in the 
early human fetus (B), which emphasize the similar pattern of 
the vessels, but the significant differences in their size. (The 
common names for comparable vessels in each case are cor- 
respondingly placed and are underlined when the names differ.) 
In both types the embryonic head and neck are primarily drained 
by the internal jugular vein, which remains predominant in man, 
although certain tributaries are annexed to a variable extent by 
the secondary external jugular system. Conversely, owing to 
greater development of the face and neck relative to the brain 
in mammals except certain primates, the external jugular be- 
comes predominant. It annexes most of the drainage of the in- 
ternal jugular, which subsequently dwindles; note that compen- 
sation for such dwindling is available by way of a large mastoid 
emissary (A). 

The cerebral and cerebellar veins in both types primarily con- 
verge to the junction of the transverse sinus with the sigmoid 
(B) or its small counterpart (A). In most mammals, essentially 
all intracranial drainage is received by the “dorsal cerebral 
vein,” representing the human petrosquamosal sinus (common 
in the newborn), which leaves the skull through a temporal 
(postglenoid) foramen (4). Although a related, but not identi- 
cal, spurious jugular foramen occurs regularly in the mam- 
malian chondrocranium, a conspicuous temporal foramen in 
bone is anomalous in adult man. The common names of the 
other emissary foramina in each type are numbered as follows: 


1. Anterior ethmoid foramen (A). 
Foramen cecum (B). 


2. Orbital fissure (A). 
Superior and inferior orbital fissures (B). 
3. Foramen ovale (A, B). 


4. Temporal (postglenoid or spurious jugular) foramen 
(A, B). 
5. Petrobasilar fissure (A). 
Jugular foramen (B). 
6. Anterior condyloid foramen (A). 
Hypoglossal foramen (B). 
7. Posterior condyloid foramen (A). 
Condyloid foramen (B). 
8. Mastoid foramen (A, B). 
g. Parietal foramen (A, B). 


A persistent torcular asymmetry resulting in predominance of 
the right transverse sinus over the left is typical of embryonic 
life, and is common (ca. 50 per cent) postnatally, but apparently 
does not characterize other adult species. Such difference is ex- 
plained by the contrasting patterns of the two innominate veins 
and their tributaries (cf. Padget, 1956, fig. 23). Although the 
left innominate in adult man is often relatively long and trans- 
verse (insert B)—a secondary anastomosis in contrast to that 
on the right, representing the anterior cardinal—the innominates 
are essentially symmetrical in a typical mammal (insert A). 
Anatomically, therefore, flow from each side of the head to the 
heart is about equally direct. 
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THE DEVELOPMENT OF THE OCCIPITAL AND CERVICAL SEGMENTS AND 
THEIR ASSOCIATED STRUCTURES IN HUMAN EMBRYOS* 


INTRODUCTION 


Interest in the segmentation of the skull was first de- 
veloped by the school of “Natur-Philosophen” during 
the first quarter of the nineteenth century. These philoso- 
phers (Oken, 1811; Spix, 1815; Saint-Hilaire, 1818; Bo- 
janus, 1819-1821; Goethe, 1820; Meckel, 1820; Carus, 
1828) postulated that the skull is constructed from a 
series of bony rings, 3 to 7 in number, each of which rep- 
resents a vertebra. Goethe is given credit for formulating 
this theory in 1790, even though he failed to publish it 
until 1820. These unsupported speculations were ac- 
cepted by von Baer (1828), Reichert (1838), Rathke 
(1839), and, even as late as 1846, by Owen. It was Vogt 
(1842) who first questioned the Natural Philosophers; 
noting that the cranium consists of a chordal and pre- 
chordal portion, he pointed out that only that part of the 
skull which forms about the notochord can in any way 
be considered vertebral in origin. The hypothesis of a 
vertebral origin of the entire skull, however fanciful, 
served a useful purpose as the forerunner of more ac- 
ceptable theories of the segmentation of the skull. As a 
result of the careful observations of the comparative 
anatomist Remak (1850-1855), and the comparative em- 
bryologists Gegenbaur (1872), Balfour (1876), and van 
Wijhe (1882), it was shown that at least the postotic por- 
tion of the cranium is developed from recognizably seg- 
mented primordia, namely the occipital somites. Sub- 
sequently, the occipital and cervical skeletal elements 
have received considerable attention from comparative 
embryologists, who have primarily studied the develop- 
ment of the occipito-atlanto-axial complex in an endeavor 


to clarify the details of the segmentation of the postotic 
skull. 


Froriep (1886) initiated these studies in mammalian 
embryos with his extensive treatise on the development 
of the occipito-atlanto-axial segments in sheep embryos. 
Other investigations followed, including the analyses of 
Weiss (1901) on the albino rat, and of Bardeen (1908, 
1910), Hayek (1923), and Reiter (1944) on man. General 
developmental studies of the mammalian spine, relevant 
to this study, are those of Dawes (1930), von Bochmann 
(1937), and Sensenig (1943) on rodent embryos, and 
those of Rosenberg (1876), Bardeen (1905, 1910), Ch. 
Miiller (1906), Ask (1941), Reiter (1942), Wyburn 
(1944), and Sensenig (1949) on human embryos. 

The present author, having at his disposal through 
the Department of Embryology of the Carnegie Insti- 
tution of Washington much more extensive material than 
was available to previous investigators, undertook an in- 
tensive re-examination of the development of the postotic 
portion of the human cranium and of the upper cervical 
segments. For the study of the earlier stages up to 
80-mm. crown-rump length, serially sectioned embryos of 
the Carnegie Collection were used. The author wishes 
to express his gratitude to the Carnegie Institution of 
Washington and to Dr. G. W. Corner, former Director 
of the Department of Embryology, for the privileges 
of the laboratory, and to Mr. Richard D. Grill for the 
photographs herein reproduced. For study of the later 
stages, from 80-mm. crown-rump length to full term, 
preserved fetuses received from the Carnegie Collection 
were prepared for microscopic study in the author’s 
laboratory with the aid of a grant from the National 
Institutes of Health. Thanks are due Mrs. Helen B. Cald- 
well and Mrs. Georganne J. Holloway, research assistants, 
for the preparation of these older embryos. 


IDENTIFICATION OF SEGMENTS 


There are a number of methods for determining the 
segments involved in the formation of the occipital re- 
gion. One may count the somites, the myotomes, the 
occipital ganglia, or the roots of the hypoglossal nerve. 
Unfortunately, none of these methods is dependable, so 
that the number of segments assigned to the occipital 
region varies considerably. As will be seen in the follow- 
ing list, the number ranges from 2 to 5 in man and 3 
to 6 in other mammals. 


1 This investigation was supported in part by a research grant 
(RG824) from the National Institutes of Health, of the National 
Institutes of Health, U. S. Public Health Service. 
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In man: 


D TSRINTUS 6 poo cs ooe Johnson (1917) 
2 to 3 segments....... Bardeen and Lewis (1901) 
BESccinents mi rey) tr Mall (1891), Kollmann (1891), 
Ingalls (1907), Bardeen (1910), 
Davis (1923), Hayek (1923), 
Atwell (1930), West (1937) 
3% segments ......... Thompson (1907) 
3 to 4 segments ....... Streeter (1904), Fischel (1929), 
Muggia (1931), Clara (1938) 
Rye ee Beck (1896), Schmeidel (1932), 
Holmdahl (1934) 


4 segments 
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3 to5 segments........ Lewis (1910) 

4¥ segments ......... Wen (1928) 

BR SIAM os concn coc Reiter (1944) 

In other mammals the situation is much the same: 

IMISURS sodoccnoovssvce 5 segments, Dawes (1930), Sen- 
senig (1943) 

Ra bigeye sero eae 3 segments, Weiss (1901) 
4 segments, Butcher (1929) 

Rabbiteaeee ee er ener 4 segments, Chiarugi (1890), 
Hunter (1935) 

Sheep yi Wer ae! 3 segments, Froriep (1883), 


Barge (1918) 
4 segments, Bonnet (1889) 


Ie hcdatcs AP Us emo Dy cs 68 5 to 6 segments, Prentiss (1910) 
3 segments, Kempermann 
(1929) 

Cattlet ey ules ane 3 segments, Froriep (1886) 

Cara. wiv aae 5 segments, Martin (1891) 


Arey (1938) points out the difficulties involved in 
counting the occipital somites. The variation in the size 
of the first somite and its rapid regression (it is small in 
embryos of 10 to 20 somites and has usually disappeared 
by the stage of 20 to 30 somites) make such a count 
uncertain. In descriptions of individual embryos, some 
authors (Gage, 1905; Thompson, 1907; Johnson, 1917; 
Davis, 1923; Wen, 1928; Atwell, 1930; West, 1937) 
have attempted to identify the first occipital somite when 
the presence or absence of this somite was questionable. 
Other authors (Low, 1908; Dandy, 1910; Bujard, 1915; 
Payne, 1925; Politzer, 1928, 1930; Corner, 1929; Heuser, 
1930; West, 1930) have described the most cephalic 
somite observed in their respective specimens without 
trying to determine whether it was actually the first 
occipital somite. 


There are similar difficulties in using the hypoglossal 
roots. Beck (1896), for example, in his series of human 
embryos, counted variously 12 to 16 rootlets which gen- 
erally united to form 4 main trunks. Muggia (1931) 
stated that there is a progressive reduction in the number 
of main roots, there being 4 roots in embryos of less than 
+7 mm. and 3 in embryos of more than 7 mm. 

The counting of myotomes is also hazardous, because 
the first myotome rapidly regresses and the second may 
be very small. Furthermore, if de Beer (1927) is correct, 
the first occipital segment never forms a myotome, and 
the rudimentary myotome appearing as the first may 
actually represent the second occipital segment. 

The ganglia develop late in the somite stages, so that 
it is difficult to correlate their appearance with the somites 
and myotomes. Reiter (1944) confidently assigned 5 seg- 
ments to the occipital region on the basis of a more care- 
ful examination of younger embryos than were studied 
by previous investigators. He made use of only 4 embryos 
of somite stages, however. 

The present author has endeavored to secure greater 
certainty in this difficult task by combining the evidence 
from all available serial structures. The occipital seg- 
ments were identified by counting somites, myotomes, 
ganglia, and hypoglossal nerve roots, and by determining 
the positions of the primitive hypoglossal and first cervi- 
cal artery (Schmeidel, 1932; Padget, 1948). The rudi- 
mentary hypoglossal ganglia used by Reiter (1944) to 
determine the two most caudal occipital segments were 
not used, because their size is subject to wide variation 
and they have been considered to be associated with the 
accessory-vagal complex rather than with the hypoglossal 
nerve. 


DESCRIPTION 


Periop oF MEMBRANE FORMATION 


The descriptive materials will be presented in the same 
order as in an earlier paper (Sensenig, 1949) which gives 
a general description of the early development of the 
human vertebral column. 

Stage I: age groups x, xi, and xit. In embryos of 10 
somites or less (age group x), the neural tube is wide 
open in a 4-somite embryo, is beginning to close in its 
mid-portion in a 7-somite embryo, and is closed from the 
postotic region throughout the extent of the somites in 
a 10-somite embryo (fig. 1, pl. 1). In 10-somite embryos, 
cells indicating the trigeminal, acousticofacial, and occip- 
itospinal neural crests are appearing. The notochord is 
a relatively broad, single-layered plate of cells, continuous 
laterally with the gut endoderm and forming the mid- 
dorsal roof of the archenteron. The dorsal surface of the 
notochordal plate lies in contact with the ventral surface 
of the neural tube. In a r0-somite embryo, the notochord 


is beginning to show a dorsal evagination (fig. 1, pl. 1). 

The somites vary considerably in their development in 
the embryos of this age group. They exist very briefly 
as discrete structures, and shortly after their formation 
cells begin to migrate from them. These migrating 
sclerotomic cells are destined to give rise to the tissues 
that form the axial skeleton and the meninges. In a 
4-somite embryo (Carnegie no. 3709), cell migration 
from the ventromesial surface of the somites has already 
begun. Active cell migration is present in the first two 
or three somites of the 7-somite Payne embryo (Carnegie 
no. 4216), and throughout all but the most caudal one 
or two somites in the 10-somite Corner embryo (Carnegie 
no. 5074, fig. 1, pl. 1). The first somite in the 4 and 
7-somite embryos is as large as the succeeding somites, 
whereas in the 10-somite embryo the first somite is much 
smaller and shows far less differentiation than the second 
and following somites. In the younger embryos, a 
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myocoel is only occasionally present, but in the older 
embryos of this group the majority of somites contain 
myocoels, except the first somite, which rarely develops 
a cavity. From the level of the otic plate to that of 
the first somite, the area between the neural tube and 
the surface ectoderm is filled with loosely dispersed 
mesenchymal cells. 

In embryos of 13 to 20 somites (age group xi), the 
neural tube is closed throughout its extent except at its 
cephalic and caudal extremities. The development of 
the neural crests continues, and by the 20-somite stage 
the neural crests of the trigeminal, facial, glossopharyn- 
geal, and vagus nerves are distinct; the crests of the 
occipitospinal nerves are beginning to be visible. The 
dorsal evagination of the notochord, first seen in r1o0- 
somite embryos, is present in all levels in a 13-somite 
embryo (Carnegie no. 6344), and the process of evagina- 
tion is complete in the occipitocervical region of a 16- 
somite embryo (Carnegie no. 7611, figs. 2, 3, pl. 1). By 
the stage of 20 somites (Carnegie no. 2053), the noto- 
chord forms a tubular structure that remains in contact 
dorsally with the neural tube and ventrally with the gut. 

In all embryos of age group xi the first somite is much 
smaller than the succeeding somites. In both a 19-somite 
embryo (Carnegie no. 6050, fig. 4, pl. 1) and a 20-somite 
embryo (Carnegie no. 2053), the first somite has almost 
completely disappeared. In all the somites in the region 
under investigation, a ventromesial migration of somitic 
(sclerotomic) cells is present (fig. 2, pl. 1), reaching as 
far as the lateral borders of the notochord; further migra- 
tion is dependent upon an increase in the restricted space 
between the neural tube, the notochord, and the longi- 
tudinal vessels. The majority of the somites have a 
myocoel not continuous with the general coelomic cavity. 
The region between the otic plate and the first somite is 
filled with a dense cellular mesenchyme (fig. 3, pl. 1). 
There is no indication of segmentation in this head 
mesenchyme. 

In embryos of 21 to 29 somites (age group xii), the 
neural crests show a rapid advance in development in 
the future cervical region. In a 22-somite embryo (Carne- 
gie no. 4763), the crests are very small and indistinct; 
in 25-somite embryos (Carnegie nos. 6097, 7582), they 
have become well defined structures; by the end of this 
stage (Carnegie nos. 8942, 26-somite; 8941, 27- to 28- 
somite; 7999, 28-somite), they have increased consid- 
erably in size. The notochord now forms an elongated 
tube which in a mid-sagittal section shows an irregular 
outline, but there are no indications of segmental flex- 
ures. The notochordal cells are radially arranged with 
their nuclei located at the periphery. The notochord is 
now separated in both its cranial and cervical courses 
from the overlying neural tube. In its cranial part it 
remains in close contact with the underlying gut roof, 


whereas in the cervical region these structures are sepa- 
rated by a narrow interval (fig. 6, pl. 1). A lumen is 
occasionally observed within the notochord, but it ex- 
tends only through a few sections. 

In all segments, somitic cells are migrating into the 
space between the neural tube and the longitudinal ves- 
sels and are approaching close to the notochord. A few 
cells have entered the epichordal space (between noto- 
chord and neural tube), but only in the cervical region 
have cells entered the subchordal space (between noto- 
chord and gut). No mesodermal cells have oriented 
themselves about the notochord; a perichordal sheath is 
still absent. In all but the more cephalic somites, seg- 
mentation is clearly indicated by the intersegmental ves- 
sels (fig. 5, pl. 1). This segmentation extends only to the 
cephalic border of the last occipital somite. For the first 
time a sclerotomic fissure can be identified, subdividing 
each cervical somite into a cranial and caudal half (fig. 5, 
pl. 1). This fissure is also present in the most caudal 
occipital segment. The myotome, derived from the dor- 
solateral part of the somite, has flattened; its cells are 
becoming elongated, and indications of its future longi- 
tudinally striate condition are seen (figs. 5, 6, pl. 1). 
The first signs of vascularization of the tissues about 
the neural tube have appeared in the form of endothelial 
strands. 

Stage II: age groups xii and xiv. The second stage 
in the development of the occipitocervical region is 
characterized by a rapid proliferation and migration of 
sclerotomic cells, an increase in the size of the ganglia, 
and the formation of the occipitocervical nerves. 

In the areas lateral to the neural tube, the spinal 
ganglia have increased in size so rapidly that they inter- 
rupt the continuity of the sclerotomic cells that have 
migrated dorsally about the neural tube (figs. 9-12, 
pl. 2). Froriep’s ganglion, associated with the spinal 
accessory nerve, has attained its maximum development, 
and at its ventrocaudal extremity fuses with the ganglion 
of the first cervical nerve, which never attains the size 
of the remaining cervical ganglia. Early in this stage 
only the ventral nerve roots are present, but the dorsal 
roots soon appear and develop rapidly. The large ganglia 
are beginning to shift ventrally (figs. 10-12, pl. 2). 
Vascularization of the tissues, initiated in age group xii, 
advances rapidly, particularly about the periphery of the 
neural tube, and by the close of this stage endothelium- 
lined channels are present. 

The myotomes have become transversely flattened and 
dorsoventrally elongated to form typical myotomic plates 
(fig. 7, pl. 2). In sagittal section these plates exhibit the 
striated condition indicated in earlier embryos (fig. 8, 
pl. 2), and now show well developed myosepta in addi- 
tion. Three or four occipital myotomes can be identified 
in the occipital region, depending on the degree of re- 
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gression of the most cephalic one. In figure 8, four myo- 
tomes are present in the occipital region, the first being 
very small, the second reduced in size, and the third and 
fourth equal in size to those of the succeeding cervical 
segment. At the point where the myotomic plate bulges 
inward, at the level of the notochord, is situated the area 
of rapid cell proliferation (figs. 10, 11, pl. 2). 

For the first time the cell concentrations forming the 
vertebral rudiments are sufficiently cellular to be dis- 
tinguishable from the less cellular areas adjacent to the 
neural tube. It is now possible, therefore, to define the 
vertebral rudiments and to identify the less cellular area 
about the neural tube as the meninx primitiva. The 
meninges, however, do not develop from the meninx 
primitiva, as the name implies, but predominantly from 
the inner surface of the skeleton-forming tissues of the 
vertebral rudiments (Sensenig, 1951). 

The notochord is now well separated from the neural 
tube and also, except in the occipital region, from the gut 
(figs. 10-12, pl. 2). By the close of this stage, age group 
xiv, the segmental flexures of the notochord have devel- 
oped, those in the cervical segments being more pro- 
nounced than those in the occipital region. In a trans- 
verse section passing between adjacent ganglia, a rela- 
tively large area exists between the myotomic plate and 
the periphery of the neural tube. Into this area sclero- 
tomic cells have migrated to form the rudimentary 
neural processes. Sclerotomic cells have also orientated 
themselves about the notochord to form a perichordal 
sheath or tube (figs. 7, 10-12, pl. 2). The spinal nerves 
are situated in the cranial half of each sclerotome, whereas 
their greatly enlarged ganglia extend well beyond the 
limits of this sclerotome-half. 

It should be noted at this point that a definitive verte- 
bral segment is not equivalent to a primitive segment 
or somite. The rostrocaudal extent of each somite is 
defined by two adjacent intersegmental vessels. A somite 
is further subdivided into a cranial and a caudal scle- 
rotome-half by the presence of a sclerotomic fissure, 
which may still be observed at this stage. The interseg- 
mental vessels and sclerotomic fissures, however, indicate 
boundaries only; they are not delimiting structures, as 
cellular concentrations are everywhere continuous around 
and about them. A definitive vertebral segment is com- 
posed of the caudal sclerotome-half of one somitic seg- 
ment together with the cranial sclerotome-half of the next 
succeeding segment. The occipital somites are concerned 
in the formation of the occipital bone. The atlas is formed 
from the caudal sclerotome-half of the first primitive cer- 
vical segment and the cranial sclerotome-half of the fol- 
lowing segment. Consequently, the cranial sclerotome- 
half of the first cervical segment, which contains the first 
cervical nerve, is left as a half segment. The further de- 
velopment of this half segment, the derivative of which 
has been called the proatlas, will be considered later. 


In sagittal sections (fig. 9, pl. 2), segmentation is 
clearly indicated by the intersegmental vessels. Here the 
primitive hypoglossal and first cervical arteries define 
the boundaries of the most caudal occipital segment, 
which shows a concentration of cells equal to that of the 
following cervical segments. No segmentation is present 
rostral to the primitive hypoglossal artery, and there is a 
great decrease in cell concentration. Only in the area 
about the notochord, in the cervical segments, may dif- 
ferentiation of tissue be observed, other than a strong 
concentration of cells at the mid-point of each segment 
with a looser area at the cranial and caudal extremities 
of the segment, i.e. adjacent to the intersegmental ves- 
sels. In this medial concentration the perichordal disk 
may now be distinguished (fig. 11, pl. 2) in the dense 
caudal sclerotome-half. Rostral to the perichordal disk 
is an epichordal strand of cells (fig. 10, pl. 2), and caudal 
to it, a hypochordal strand of cells (fig. 12, pl. 2). In the 
cranial sclerotome-half the medial concentration is loosely 
cellular, forming the primary centrum. A very short 
rib rudiment is present in the most caudal occipital seg- 
ment and in the atlantal segment. Elsewhere in the 
cervical region the rib rudiment is typical in form. 

Stage III: age groups xv and xvi. In the third stage 
the membranous occipitocervical segments attain their 
greatest development before the appearance of cartilage. 
The proliferation of cells in the sclerotome has greatly 
decreased. A distinct differentiation of the sclerotome 
tissue is now visible, and the vertebral rudiments can be 
identified. 

The spinal ganglia are losing their dorsal continuity, 
and occupy a smaller area in each segment. They are 
still broad, however, and take up much of the area lateral 
to the neural tube (fig. 14, pl. 3). The dorsal nerve roots 
are well developed, and the ganglia have continued their 
migration ventrally (fig. 17, pl. 3). Froriep’s ganglia 
and the ganglia of the first cervical nerve are reduced in 
size (fig. 14, pl. 3). The hypoglossal nerve is formed 
by a number of roots that converge into four trunks 
(fig. 15, pl. 3). The more caudal of these roots may have 
ganglion cells associated with them; these cells are con- 
tinuous with the reduced first cervical ganglia. 

The myotomes are well developed in the cervical re- 
gion (fig. 13, pl. 3), lying, in their greater part, lateral 
to the loose-celled concentrations of the cranial scle- 
rotome-half, between two adjacent densely cellular neural 
arch rudiments (fig. 13, pl. 3). The last occipital my- 
otome is as well developed as the succeeding cervical my- 
otomes. Rostrally, three greatly reduced myotomes are 
occasionally present. Thus, in some of the embryos of 
this stage, four occipital myotomes can still be identified. 

Each sclerotome is divided into a loosely cellular cra- 
nial sclerotome-half situated caudal to an intersegmental 
vessel, and a densely cellular caudal sclerotome-half cra- 
nial to the adjacent intersegmental vessel (figs. 14, 15, 
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pl. 3). The first cervical segment, bounded rostrally by 
the first cervical segmental artery (which indicates the 
boundary between the definitive skull and vertebral 
column), contains in its cranial sclerotome-half a gan- 
glion of reduced size. The dense caudal sclerotome-half 
of this segment enters into the formation of the first 
definitive vertebra or atlas. This first cranial sclerotome- 
half, lying between the future atlas and occipital bone, 
is the proatlas. 

The neural arches, dense concentrations of cells, are 
formed predominantly in the caudal sclerotome-half; 
at their bases they are continuous with the medial 
vertebral rudiments located ventral to the neural tube 
and surrounding the notochord (figs. 16, 17, pl. 3). In 
the occipital region, a neural process develops only in 
the most caudal segment (fig. 14, pl. 3). In the cervical 
region, the cell population of these medial rudiments is 
not uniform throughout, being less dense in a large part 
of the cranial sclerotome-half and more dense in most 
of the caudal sclerotome-half (fig. 17, pl. 3). The cranial 
sclerotome-half of the last occipital segment has few cells, 
whereas the more rostral unsegmented part has a much 
greater density throughout. In the cervical region, the 
loose-celled areas form the primitive centrum; the dense- 
celled areas form the perichordal disk from which the 
intervertebral disks and the rostral and caudal ends of the 
definitive centrum are derived later. 


PERIOD OF CARTILAGE FoRMATION 

Stage IV: age groups xvii and xviii. ‘The inner wall of 
the vertebral canal is distinct ventrally and ventrolater- 
ally, and can be distinguished dorsally and dorsolaterally 
from the underlying meninx primitiva (figs. 19, 20, pl. 
4), which progressively becomes more definite. The first 
cervical ganglion, smaller than the succeeding cervical 
ganglia, is still associated with Froriep’s ganglion, now 
greatly reduced in size (fig. 22, pl. 4). All ganglia have 
migrated farther ventrally, and their ventral parts now 
lie ventral to the anterior surface of the neural tube 
(fig. 18, pl. 3; figs. 19, 20, pl. 4). Filaments of the hypo- 
glossal nerve are combined into three rootlets, of which 
the most rostral is by far the smallest; occasionally a 
fourth rootlet may still be seen on one side. As the 
nerve pierces the rudiment of the occipital bone, the 
rootlets unite into two large roots. 

Chondrification is now appearing in the basioccipital 
bone and in the bodies of the vertebrae (fig. 21, pl. 4). 
There is no indication of cartilage in the occipital arch. 
The hypoglossal nerve pierces a chondrified area. The 
dorsal extremities of the occipital and vertebral arches 
are connected dorsally above the brain stem and spinal 
cord by the membrana reuniens dorsalis (figs. 19, 20, 
pl. 4). This membrane appears only as a condensation 
of mesenchyme, with no indication of lamination. The 
arch of the atlas shows early chondrification in the pedi- 


cles (fig. 19, pl. 4). Its body shows distinct chondrified 
areas ventral to the notochord, these being separated by 
a membranous strip in the mid-line (fig. 19, pl. 4). A 
lesser amount of chondrification is present in the supra- 
chordal areas (fig. 19, pl. 4) and in the body of the axis 
and succeeding cervical vertebrae, but a greater degree 
of chondrification exists in the suprachordal region 
(fig. 20, pl. 4). The odontoid process is entirely mem- 
branous. Slight mesenchymal condensations extending 
laterally from the tip of the odontoid indicate the extent 
of the future alar ligaments. There is no indication of a 
separation of the odontoid rudiment from the body of 
the atlas. The apical ligament is not yet formed; there 
is still no indication of the occipitoatlantal joint or other 
joints of the cervical spine. The transverse process is well 
developed and chondrified, whereas the rib process shows 
no chondrification and is not as thick as the transverse 
process. 

In age group xvii, as the somites disappear, the rudi- 
ments of the axial musculature can be separated from 
those of the vertebrae (fig. 18, pl. 3; figs. 19, 20, pl. 4). 
These rudimentary muscle masses divide into two 
groups: one group lying lateral to the transverse processes 
and rudimentary laminae—the future postvertebral mus- 
culature; and the other group lying ventromedial to the 
pedicle—the future prevertebral musculature. In age 
group xvili, the postaxial muscle masses have become 
laminated into three zones. 

Stage V: age groups xix and xx. In both age groups 
xix and xx, the rootlets of the hypoglossal nerve unite to 
form two distinct roots which pass through the basi- 
occipital rudiment. The reduction in size and the ventral 
displacement of the first cervical ganglion continue, so 
that in age group xx it is lying close to the intervertebral 
foramen. The other cervical ganglia also have migrated 
further ventrally but are still intradural. 

These age groups are characterized by an advance in 
the chondrification of the vertebral rudiments. The basi- 
occipital bone is now heavily chondrified. The arch of 
the atlas is still short, and chondrification extends to the 
tip of this short rudiment. In the earlier age groups the 
odontoid process is not separate from the atlas, but with 
the increased chondrification seen in age group xx it is 
separated from the atlantal arch by a membranous area. 
The ventral arch of the atlas, the subchordal strand or 
hypochordal Spange, has become chondrified, and is 
separable from the odontoid. In both age groups the 
transverse process of the atlas is chondrified, but the rib 
rudiment still remains a slender membranous strand. 

In the axis, chondrification occurs throughout the body 
and arches; the rib rudiment is better developed than in 
the atlas, and is beginning to become chondrified. In the 
cervical vertebrae, 3 through 7, chondrification is under 
way throughout the arches, bodies, and rib rudiments. 
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The arches, however, are longer, extending farther dor- 
sally than those of the atlas and axis. 

The suboccipital muscles can now be identified as well 
as the other muscles of the postaxial and preaxial groups. 
For the first time the atlanto-occipital and atlantoaxial 
arch articulations are indicated by the presence of a 
membranous strip at the site of each of these future joint 
cavities. 

Stage VI: age groups xxi, xxii, and xxii. The state of 
development of the hypoglossal nerve is similar to that 
of previous age groups, its rootlets uniting to form two 
separate roots, which may traverse the occipital rudiment 
separately or together. 

The cervical ganglia in general continue their ventral 
migration (fig. 24, pl. 4), so that by age group xxiii they 
have reached their position in the intervertebral foramen; 
all of them are now extradural, except the first, which 
is still intradural. The reduction in size of the first 
cervical ganglion differs in the various embryos. 

Age groups xxi, xxii, and xxili are characterized by 


continued chondrification, resulting in a more distinct 
definition of the vertebral elements. By the end of the 
embryonic period (age group xxiii), the dorsal arches of 
all cervical vertebrae have extended farther dorsally. 
This cartilage does not form endochondrally within a 
mesenchymal precartilage, but by proliferation of cells 
from the tip of the cartilaginous arch rudiment (fig. 23, 
pl. 4). The arch rudiments of the axis and successive 
cervical vertebrae now extend above the dorsal level of 
the spinal cord and are beginning to bend medially. 
Their tips curve laterally, indicating their future bifid 
condition. The odontoid process is everywhere chondri- 
fied except for its tip, and is clearly differentiated from 
the chondrified ventral atlantal arch. The rib rudiment 
of the atlas shows a different degree of development in 
each embryo. In some it is represented by a very poorly 
developed, narrow membranous rudiment; in others it 
is well developed and cartilaginous. In the other cervical 
vertebrae the rib rudiments are well developed and 


chondrified. 


DISCUSSION 


SEGMENTATION OF THE OcciPiTaL REGION 


From the foregoing description, it is evident that the 
most cephalic somite is the first to develop, and that 
development of the somites continues in the caudal direc- 
tion only. This finding is in agreement with Arey’s 
(1938) careful study of the first somite and with the 
conclusions of Reiter (1944). No support has been 
obtained for Ludwig’s (1928) arbitrary identification of 
the single pair of somites in his embryo as occipitocervi- 
cal, or for the conclusion of Sternberg (1927), who, in 
disagreement with Dandy (1910), considers the poorly 
developed first somite in the Dandy embryo to have 
developed after the following somites. It is also impos- 
sible to give credence to Broman’s (1911) assertion that 
the earliest somite arises at the upper border of the neck, 
and that, during the fourth week, three somites arise 
cephalic to this original somite. By the fourth week, 
human embryos are, in fact, passing out of the somite 
stage. 

The regressive condition of the first somite is clearly 
indicated in the 19-somite embryo (fig. 4, pl. 1). On the 
basis of myotome counts in a 29-somite embryo (fig. 5, 
pl. 1), the first cervical artery defines the caudal bound- 
ary of the last occipital segment. In an adjacent section 
the primitive hypoglossal artery forms the cephalic 
boundary of this segment. Rostral to the hypoglossal 
artery, three distinct myotomes are present, the most 
rostral of which closely approaches the vagus ganglion. 
Between this ganglion and the first myotome is a small 
mass of tissue which is difficult to identify but may rep- 
resent a very rudimentary myotome. Four occipital myo- 
tomes (fig. 8, pl. 2) can be identified in a 4mm. embryo, 
the first being very small, the second slightly larger, 


and the third and fourth normal in size. As seen in 
figure g (pl. 2), the primitive hypoglossal and the first 
cervical arteries clearly delimit the most caudal occipital 
segment. Rostral to the primitive hypoglossal artery, at 
least eight rootlets of the hypoglossal nerve can be identi- 
fied. These unite into no less than three main roots and 
indicate three segments. In the embryos studied, the 
filaments of the hypoglossal nerve were usually united 
into three to five roots, and in only two embryos were 
five roots observed. It should be mentioned that the 
most rostral hypoglossal fibers are very small and can 
easily be overlooked. These findings agree in part with 
Streeter’s (1904) count of three or four roots, and are in 
complete agreement with the statements of Beck (1896), 
Muggia (1931), and Schmeidel (1932), all of whom 
demonstrate the presence of four roots. 

The observations do not definitely support Reiter’s 
(1944) findings of five segments. In Reiter’s favor, how- 
ever, it should be recalled that indications of a fifth seg- 
ment were found in the present investigation, as men- 
tioned above. Reiter’s first occipital somite, moreover, 
does not form a myotome; this statement agrees with 
de Beer’s (1937) description of a fifth somite which 
forms no myomere and ultimately disappears. De Beer 
believes that nine segments participate in the formation 
of the skull. Of these, somites 6 through 9 are occipital, 
somite 5 becomes rudimentary, and the first four are 
involved in the formation of the preotic cranium. This 
fifth somite may represent Reiter’s first occipital seg- 
ment; such an interpretation would support his thesis 
that there are five segments in the occipital region. 

All the information assembled in this study, therefore, 
supports a minimum of four segments in the occipital 
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region, with the possible existence of a fifth rudimentary 
segment. 
Proatias, ATLAS, AND AXIS 

Remak’s (1850-1855) theory of the rearrangement of 
the vertebral column, which is accepted here, asserts that 
a definitive vertebra develops from the caudal scle- 
rotome-half of one segment and the cranial sclerotome- 
half of the next succeeding segment (for a discussion 
of Remak’s theory, see Sensenig, 1949). Thus, a vertebra 
is an intersegmental structure. The short intervertebral 
muscles, derived in a strictly segmental fashion from the 
primitive segments, secure attachment to two vertebrae 
and are enabled to act upon the vertebral column. 

By this arrangement of the sclerotomes, the first cervi- 
cal cranial sclerotome-half, represented by the first cervi- 
cal spinal ganglion and nerve, remains as a half segment 
between the occipital and atlantal rudiments. The de- 
rivative of this cranial sclerotome-half was termed pro- 
atlas by Albrecht (1880), and has received special atten- 
tion in the investigations of Froriep (1886), Weiss 
(1901), Barge (1918), Hayek (1923, 1927), and Reiter 
(1944); the two authors last named dealt with human 
embryos. It is generally accepted by these investigators, 
as well as by Dawes (1930), Gadow (1933), and Sensenig 
(1943), that the primitive centrum developing within 
this half segment forms the tip of the odontoid process 
of the axis. The fate of the arch rudiment, however, is 


not so well established, and apparently varies in the dif- 
ferent forms. In species other than man, the proatlantal 
arch rudiment fuses either with the atlantal arch (Barge, 
1918; Hayek, 1923; Sensenig, 1943) or with the occipital 
bone (Froriep, 1883). Hayek (1927) and Ingelmark 
(1947) doubt that in human embryos this rudiment is 
incorporated into the atlantal arch, and the present au- 
thor supports Hayek’s (1927) observation that it assists 
in the formation of the occipital condyles. It also assists 
in the formation of the alar ligaments as well as of the 
other ligaments of the occipitoatlantal joint. 

The dorsal arch of the atlas follows the same sequence 
of development as the other cervical vertebrae except 
that its ultimate closure is slightly later. In contrast, the 
ventral atlantal arch, represented in the earlier stages by 
a densely cellular but relatively slender membranous 
band, chondrifies late and gradually separates from the 
primitive centrum, which becomes incorporated into the 
dens epistrophei. The atlantal rib rudiment is extremely 
variable in its development, and is often incomplete. 

The axis develops like the typical cervical vertebrae 
except that its body is not separated from that of the 
atlas and proatlas. Its odontoid process consists, then, 
of two and one-half segments in which all early indica- 
tion of segmentation is lost. No traces of intervertebral 
disks are observed within the odontoid; therefore, the 
first of these disks to develop is the one lying between the 
axis and the third cervical vertebra. 


SUMMARY 


In this paper are presented the early stages in the 
development of the occipitocervical segments as observed 
in a closely graded series of human embryos. This study 
includes the development of intersegmental vessels, 
somites, myotomes, occipitocervical ganglia, and roots 
of the hypoglossal nerve, as well as the occipital bone and 
cervical vertebrae. 

1. The most cephalic somite is the first to develop, and 
development of somites occurs in a caudal direction only. 

2. Four occipital myotomes are identified; the first is 
very small, and the second not as large as the succeeding 
ones. 

3. Rootlets of the hypoglossal nerve are usually united 
into three to five roots; in only two embryos were five 
roots observed. 

4. The occipital bone is formed from at least four 
somites, with some indication that a fifth may be in- 
volved. 


5. A definitive vertebra develops from the caudal scle- 
rotome-half of one segment and the cranial sclerotome- 
half of the next succeeding segment. By this arrange- 
ment the first cervical cranial sclerotome-half remains as 
a half segment between the occipital and atlantal rudi- 
ments, i.e. the proatlas. 

6. This proatlantal primitive centrum forms the tip 
of the odontoid process; its arch rudiment assists in the 
formation of the occipital condyles. 

7. The vertebral arch of the atlas separates from its 
respective primitive centrum, which forms part of the 
odontoid process. The atlantal rib rudiment is variable 
in degree of development and often incomplete. 

8. The axis forms from the second definitive vertebral 
segment; its odontoid process represents the primitive 
centra of the atlas and the proatlantal half segment. 
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ABBREVIATIONS USED IN PLATES 


v. @., atlas ventral arch 

o., basioccipital rudiment 

a. 1., first cervical artery 

m. 1., first cervical myotome 
s., epichordal strand 

. ¢. 1., first cervical ganglion 

. ¢. 2., second cervical ganglion 
. Fr., Froriep’s ganglion 

s., hypochordal strand 

z. v., intersegmental vessel 

m., myotome 

m. r. d., membrana reuniens dorsalis 
m. p., myotomic plate 

m. pr., meninx primitiva 

n. p., neural process 
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. p. ¢. I., neural arch atlas 

.p. ¢. 2., neural arch axis 

. p. 0., occipital neural process 

. $. @., spinal accessory nerve 

a., odontoid, atlantal portion 
m. 1,, first occipital myotome 

. Ss. I., first occipital somite 

. @. m., primitiva axial muscles 

. ¢., primary centrum 

. d., perichordal disk 

. A. a., primitiva hypoglossal artery 
. $., perichordal sheath 

h., rootlets of hypoglossal nerve 
j., sclerotomic fissure 
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PLATE I 


Fic. 1. Transverse section through cervical somite of embryo 
no. 5074, 10-somite Corner embryo, age group x, thickness of 
section 10 microns. X200. Paired somites with myocoel, ventro- 
mesial migration of sclerotomic tissue, and continuity of noto- 
chord and gut. 

Fic. 2. Transverse section of no. 7611, 16 somites, xi, 8 
microns. 100. Paired somites, myocoels, ventromesial migra- 
tion of sclerotomic tissue, and dorsal evagination of notochord 
from gut. 

Fic. 3. Transverse section of occipital region of no. 7611, 16 
somites, xi, 8 microns. X200. Nonsegmented densely cellular 
mesenchyme situated between otic plate and first somite and 
notochord shows a tubular structure. 


Fic. 4. Frontal section of no. 6050, 19 somites, xi, 10 microns. 
xX 100. Shows regressive condition of first somite. 

Fic. 5. Sagittal section of cervical region of no. 7724, 29 
somites, xii, 8 microns. X100. Intersegmental vessels, indica- 
tion of sclerotomic fissures, and myotomes with remnants of 
myocoels. 

Fic. 6. Transverse section of cervical region of no. 6097, 25 
somites, xii, I0 microns. X100. Separation of notochord from 
neural tube and gut, sclerotomic cells surrounding notochord, 
and myotomic plates. 
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PLATE 2 


Fic. 7. Transverse section of cervical region of embryo no. 
8066, 5.6 mm., age group xii, thickness of section 8 microns. 
x80. Continued separation of notochord from neural tube and 
gut, myotomic plates, and orientation of sclerotomic cells around 
notochord forming perichordal sheath. 

Fic. 8. Sagittal section of occipitocervical region of no. 8239, 
4.3 mm., xiii, 8 microns. X36. Shows 4 occipital myotomes, 
the first being very small. 

Fic. 9. Sagittal section of occipitocervical region of no. 6739, 


8 mm., xiv, 20 microns. x 36. Note intersegmental vessels with 
primitive hypoglossal artery and first cervical artery bounding 
the most caudal occipital segment. 

Fics. 10-12. Transverse section of cervical region of no. 7829, 
7 mm., xiv, 8 microns. X68. Notochord with perichordal 
sheath, inward bulge of myotomic plate, neural processes, large 
ganglia, and meninx primitiva. Epichordal strand of cells (fig. 
10), perichordal disk (fig. 11), and hypochordal strand of cells 


(fig. 12). 
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Figs. 13-15. Sagittal sections of occipitocervical region of em- 
bryo no. 8966, 7.1 mm., age group xv, thickness of section 10 
microns. X48. Myotome, neural-arch rudiments, and rootlets 
of the hypoglossal nerve (fig. 13); large typical spinal ganglion, 
reduced first cervical ganglion and Froriep’s ganglion, interseg- 
mental vessels, loosely cellular cranial sclerotome-halves, and 
densely cellular caudal sclerotome-halves (fig. 14); interseg- 
mental vessels and rootlets of the hypoglossal nerve (fig. 15). 


PLATE 3 


Fics. 16, 17. Frontal sections of upper cervical region of no. 
8112, 10.9 mm., xvi, 8 microns. X48. Note medial vertebral 
rudiments surrounding the notochord with subchordal strand 
and lateral vertebral arch rudiments. 

Fic. 18. Transverse section of occipital and upper cervical 
region of no. 8101, 13 mm., xvii, Io microns. X36. Meninx 
primitiva, ventral displacement of spinal ganglia, and rudiments 
of basioccipital bone and atlas. 
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PLATE 4 


Fics. 19, 20. Transverse sections through cervical region of 
embryo no. 8101, 13 mm., age group xvii, thickness of section 
10. microns. X36. Meninx primitiva, membrana reuniens 
dorsalis, ventral migration of ganglia, rudimentary axial muscle 
masses. Arch of atlas, areas of chondrification of atlantal body 
(fig. 19). Arch and chondrified body of atlas (fig. 20). 

Fics. 21, 22. Sagittal sections of no. 6519, 10.8 mm., xvii, 
8 microns. X32. Occipital and upper cervical notochord, inter- 
vertebral disks, and chondrified bodies of cervical vertebrae 
(fig. 21); cervical ganglia, the first small, Froriep’s greatly re- 


duced; arch rudiments of cervical and most caudal occipital seg- 
ments (fig. 22). 

Fic. 23. Transverse section through occipitocervical region 
of no. 7254, 22.5 mm., xxi, 20 microns. X12. Chondrified basi- 
occipital, tip of odontoid, cell proliferation from tip of occipital 
arch rudiment, and membrana reuniens dorsalis. 

Fic. 24. Transverse section through first cervical segment of 
no. 7274, 18 mm., xx, 10 microns. X12. Ventral migration of 
second cervical ganglion, separation of odontoid from ventral 
atlantal arch, and further subdivision of axial musculature. 
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THE FORM AND THE FUNCTIONS OF THE UTERINE BLOOD VESSELS 
IN THE RHESUS MONKEY * 


INTRODUCTION 


Cyclic changes in the vasculature might have been in- 
ferred from the observations of Hitschmann and Adler 
(1908) on the stroma of the endometrium. The reasons 
why no such study was made for 18 years are apparent 
in the pioneer work of Freund (1904), which indicated 
the difficulties of obtaining a series of normal human 
uteri available for injection and of injecting the endo- 
metrium. Only 2 of his 23 cases can be regarded as nor- 
mal, and current dogmas led him to brand one of these 
as “prematurely senile.” To obtain a satisfactory injec- 
tion, he found it necessary to wait for 1 to 4 days after 
death or removal at operation; by that time the endo- 
metrium is well-nigh worthless histologically. The seria- 
tion of the uteri for cyclic changes, however, demands 
good fixation. The first study of cyclic changes in the 
vasculature of the endometrium was that of Saito (1926). 
His paper is written in Japanese, and has only a brief 
German summary. The review in Berichte der Gynd- 
kologie is likewise brief. His photomicrographs from 
thin sections show only capillary beds and premenstrual 
congestion. Diagrams of the “proliferative” and the “se- 
cretory” phases show the closer capillary mesh super- 
ficially and a wider capillary mesh in the “spongiosa” as 
compared to the “basalis”; they indicate little under- 
standing of cyclic change in arterial or venous patterns. 

The basis for thorough anatomical and physiological 
studies of the menstrual cycle was laid by Corner (1923), 
when he introduced the rhesus monkey into the field 
and demonstrated its fundamental similarity to the 
human cycle. An abundance of normal, perfectly pre- 
served, and expendable material was made available; the 
ovarian and uterine cycles could be accurately correlated; 
the age of corpora lutea could be determined; and ade- 
quately controlled physiological experiments with hor- 
mones could be performed. With this background, sig- 
nificant studies on the vascular changes during the cycle 
could be made. 

The first of these was Daron’s (1932, 1936). He intro- 
duced a vascular injection technique that came closer 
to revealing physiological states than any standard 
method. He injected intravenously into the lightly 
anaesthetized animal a nonirritating colloidal solution 
which produced no clotting. The pelvic organs were 
rapidly frozen while the blood was circulating. He was 
able to demonstrate a condition unique among mucous 
membranes, namely a superficial zone in corpus and 
fundus supplied exclusively by a distinct system of arter- 
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ies. Radial arteries pass from the stratum vasculare, often 
with few branches, to the endometrium, where they 
become coiled (Daron, type I). Usually they have only 
terminal branches. Shortly before and during menstrua- 
tion, he found constrictions in the myometrial compo- 
nents (radial arteries) that produced an ischemia in the 
superficial zone. He pointed out the significance of the 
ischemic injury for the understanding of menstrual 
sloughing. These conditions explain the superficial loss 
in menstruation which could not be accounted for by 
the general contraction of the myometrium to which 
Westman (1932) ascribed the menstrual ischemia. My- 
ometrial contractions powerful enough to occlude vessels 
as large as radial arteries have been found by Caldeyro- 
Barcia y Alvarez (1953) only in cases of severe eclampsia. 
Daron concluded that, after the initial arterial hemor- 
rhage, the menstrual blood comes from superficial veins 
torn during sloughing. In 1937 he briefly summarized 
his observations on the venous network and noted the 
presence of “venous lakes.” 

In this field, all observations on dead material must 
be controlled by the detailed and extensive observations 
of Markee (1940, 1950@) on living endometrial trans- 
plants. His findings are invoked on many of the follow- 
ing pages to justify inferences from material prepared 
for histological study. He has recently summarized his 
work on ocular transplants in rhesus monkeys and dis- 
cussed its implications (1950). His observations on the 
blood flow and the behavior of the coiled arteries provide 
direct evidence of the immediate cause of menstrual ex- 
travasation and sloughing. Milder but fundamentally 
similar changes occur in the sexual skin of rhesus (Col- 
lings, 1926). ‘The cyclic changes in the vasculature of the 
human bulbar conjunctiva are similar and suggest that 
the reactions are systemic (Landesman et al., 1953). Ab- 
normal exacerbations appear in vicarious menstruation. 

Hasner (1946) has provided the only description of 
the human uterine vasculature based on an adequate 
series of normal uteri, well injected and prepared, and 
studied judiciously, not simply for the purpose of sub- 
stantiating an hypothesis. He obtained uteri and ovaries 
from 100 necropsies, 37 of which came from suicides and 
were presumably normal. The ovaries were sliced 
grossly; the corpora lutea were not studied histologically. 
He had, in addition, 50 curettings adequately preserved 
for detailed histological study. He concludes that the 
form of the coiled arteries in the “first proliferation 
phase” is influenced both by the extent of tissue loss 
during the preceding menstruation and by their subse- 
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quent growth. The thickening of the stroma outstrips 
the increase in length of the arteries, which have thin 
walls. There is one coiled artery per square millimeter. 
In the “secondary proliferation phase,” they grow in 
length and diameter, their branches reach the surface, 
and the coils are well separated from one another. In 
the next phase they may become complex deep in the 
“functional” zone, and the adventitia of the adjacent 
coils fuses. Branches may extend parallel to the surface. 
With the development of edema in the “secondary secre- 
tory phase,” the dense stroma of the arterial columns 
loosens, and the vessels appear stretched. Some are con- 
tracted before menstrual desquamation. During the 
flow the coiling decreases in the intact area. In the 
phase of regeneration the arteries are coiled at the sur- 
face, and have many lateral branches. The basal capillary 
net is irregular in form and is supplied by coiled arteries, 
basal arteries, and rami of myometrial arteries. In the 
primary proliferation phase the superficial capillaries 
are parallel to the surface, and the glandular and inter- 
stitial nets develop gradually. 

In addition, Hasner made hysteroscopic observations 
on two normal young women, one on day 21, the other 
on day 24. He noted a bluish tinge of the endometrium, 
which he associated with dilated capillaries, and a re- 
duced rate of blood flow. 

Markee (1940) had observed that in ovulatory cycles 
the transplants became paler in his “2d growth phase.” 
He was able subsequently (19502) to determine by strob- 
oscopic illumination the rate of blood flow in long 
capillaries (of “zone II”) through which a single row of 
blood corpuscles was passing. The observations were 
made on ocular transplants in 5 rhesus monkeys during 
ovulatory cycles. The rate of movement on days 5 to 7 
of the cycle increased from a mean of 388 microns per 
second to 443 microns on days 11 to 15. There was a 
drop on day 16 ranging from 401 to 430 microns (mean, 
422). This finding of a regression at about the time of 
ovulation is of particular interest in connection with his 
observation that the transplants may shrink at this time 
(see p. 161). The range in rate of flow on days 17 to 25 
was from 398 to 440 microns. On day 26 the average 


reading was 378 microns, and it remained in this vicinity 
from the 4th to the 2d premenstrual day; then stasis 
supervened. Taken in conjunction with the various ex- 
periments he had made with ovarian hormones on 
spayed monkeys, this finding indicates a fall of avail- 
able hormones as the cause of the ischemic phase, which ~ 
in turn is the essential prelude to menstruation. 

Phelps (1946) has studied the effects of ovarian hor- 
mones on ocular transplants of endometrium in spayed 
rhesus monkeys. In vivo observations and subsequently 
prepared sections demonstrated the prime importance of 
stromal ground substance in changing the volume of 
the transplants. In 1947 she pointed out the cumulative 
effects of several courses of hormone injections on the 
vasculature and on the duration of bleeding in such 
transplants. 

Kaiser (1947) discusses the coiled arteries of primates 
on the basis of the literature and observations on a few 
thin sections. He points out that Daron’s finding of sim- 
ply “coiled” arteries in anovulatory menstruation proves 
that coiling is not necessarily involved in menstrual de- 
generation. He also finds (1947) no coiled arteries in 
new world monkeys, which probably menstruate, and 
correlates the scanty discharge with the simple form of 
the arteries. It must be remembered in this connection 
that the menstrual discharge in anovulatory menstrua- 
tion of rhesus monkeys cannot be routinely distinguished 
from that of ovulatory menstruation (Hartman, 1932). 

Ramsey (1949), in her studies on the development of 
placental vessels in rhesus monkeys, describes the affer- 
ent coiled arteries in early stages and their subsequent 
uncoiling associated with the stretching of the decidua 
basalis. She concludes that the coiling is an adaptation 
for the form changes of the uterus during pregnancy. 

Reynolds (1949) reviewed and evaluated the extensive 
literature on the structure and functions of the uterine 
vasculature and its relations to the menstrual cycle. 
Schlegel (1945 and 1946), Dalgaard (1946), and Okkels 
(1950) concluded that there are arteriovenous anasto- 
moses in the endometrium. Their failure to offer any 
valid evidence for this hypothesis is pointed out by 
Bartelmez (1956). 


ENDOMETRIAL ZONES 


The horizontal zoning proposed by Bartelmez et al. 
(1951) for convenience in description is based on differ- 
ences in the reactions of the stroma and glands at dif- 
ferent levels in the rhesus monkey. 

Zone I consists of the surface epithelium and a narrow 
band of stroma that is reorganized postmenstrually and 
at first resembles granulation tissue. During the follicular 
phase it remains avascular. In the course of the progravid 
phase it is vascularized and can usually be recognized by 
its loose structure. In early pregnancy it becomes highly 


edematous, especially at the margins of the placental 
sites. 

Zone II has more interglandular stroma than glands, 
and there are striking changes in the ground substance 
and reticulum of the stroma during the cycle. In the 
corpus the glands tend to be perpendicular to the surface. 
The gland cells in zones II and III respond promptly to 
hormonal stimuli. In Homo, predecidual cells usually 
develop in this zone premenstrually. 

Zone III is distinguished by the crowded glands, ir- 
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regular in form and sometimes branched. When secre- 
tion accumulates in the glands, the stroma is reduced to 
thin septa. Zones II and II together constitute the 
“functionalis” of Schréder. 

Zone IV has a denser stroma (except during repair) ; 
its connective-tissue fibers are coarser than in zones II 
and III; mitoses in the glands become abundant later in 


the follicular phase and persist into the progravid phase. 
Sometimes the gland cells respond to the corpus luteum 
hormones, but more tardily than do those in zones II 
and III. In the follicular phase they are actively secret- 
ing. When new glands are formed, they arise in this 
zone (O’Leary, 1929). 


MATERIAL AND METHODS 


In order to study the vessels of the uterus as a whole 
and to obtain three-dimensional views of capillary beds 
as well as arteries and veins, I. Rossman and the author 
made postvital injections of the pelves of a series of 
thesus monkeys in 1938 to 1940. The systematic study 
of the material was interrupted by war and other duties. 
Various stages in the cycle were obtained by recording 
changes in the color of the sex skin with the aid of a 
hemoglobinometer chart, by doing rectal palpations 
(Hartman, 1930), and occasionally checking with lapa- 
rotomies. The 25 normal adult animals selected for 
description can be grouped as follows: 


IREDalnare Crs ub cece Ty str tee one | alee eee 1 
Bolliculaysphascee year nee penne te ere 4 
OyualatiGr: MAA PUT ee Meee SRR ee Ge 2 
TIROTANALG! FOES ccoonodeconesotandocvusscuens Z 
Ischemicsphasepaa ere pesky tie ey eae 4 
@vulatonysmenstruationw. eee 3 
Anovulatory menstruation ...... pone BUA 4 


In 4 of these animals the endometrium presents features 
of two phases. 

If the cyclic changes in the vasculature are to be under- 
stood, it is essential that the material be well fixed so that 
the vessels can be studied histologically. The details of 
the histologic study and comparisons with human mate- 
rial are reserved for a future publication. The difficulty 
of obtaining satisfactory injections of the endometrium 
immediately after death was overcome by the use of 
vasodilators. With the exception of 2 ‘uteri prepared by 
the method of Daron (1936), the procedure was as fol- 
lows (see Rossman and Bartelmez, 1957): After being 


anaesthetized with nembutal, the animal was killed with 
illuminating gas containing CO. The abdominal aorta 
was immediately cannulated, and the pelvic organs were 
perfused with a minimum of warm 1 per cent aqueous 
NaNO: to which a trace of histamine had been added. 
Raising and lowering the perfusion bottle gave rhythmic 
fluctuations in pressure from 60 to 110 mm. Hg. A col- 
ored gelatin injection mass was then introduced. The 
most satisfactory injection mass proved to be 1 part of 
india ink to 9 parts of 1 per cent gelatin. When the 
uterus appeared well injected, a suspension of deeply 
stained starch grains was substituted. The starch grains 
averaged 10 microns in diameter and rarely passed be- 
yond the arterioles (see p. 166). After chilling, the uterus 
was opened, and a wedge of the wall was removed for 
cytological study. The rest was sectioned serially at 
about 500 microns with an occasional section between 
50 and 300 microns. 

Preparations of this sort cannot be interpreted by a 
superficial examination under low powers of the micro- 
scope. The details in a well injected specimen cannot be 
fully appreciated until they have been projected and 
drawn. This makes it necessary to dissect out individual 
vessels optically, following their branches with high pow- 
ers of the microscope. 

The author is indebted to Dr. I. Rossman and 
Dr. David Clark and to Miss C. M. Bensley for invalu- 
able expert help in the preparation of this material. Dis- 
cussions with Dr. G. W. Corner during the past six 
years have been stimulating and helpful. 


PROTOCOLS 


‘TRANSITION FROM MENSTRUATION TO REPAIR 


B329. The material was obtained on day 5? of an 
April cycle before the flow had ceased. The 24-day 
March cycle had been anovulatory. In February, sex 
skin color and rectal palpation had indicated ovulation 
on the left, and this was confirmed by the finding of 
the corresponding corpus luteum. Previous ovulations 
are indicated by two older corpora lutea in each ovary. 

The endometrium measures up to 1.9 mm. Figure 58 
(pl. 14) presents a typical field. Most of the surface is 

* The misreading of the original notes is responsible for the 


statement as to the last menstruation of this case in Bartelmez, 
Corner, and Hartman, 1951, p. 131. 


denuded. The glands are sinuous, with low, slim cells. 
In the superficial disorganized zone, which comprises 
about 15 per cent of the endometrium, the stroma is 
exceedingly dense (420 stroma cells plus 24 erythrocytes 
and 8 wandering cells per 100 square microns). Rela- 
tively few of these cells appear to be degenerating. It is 
significant that zone II can be recognized promptly after 
rehydration of the mucous membrane begins. Zone II 
has an average of 200 cells. The uterine lumen is dilated 
with the discharge. These conditions are features of 
menstruation. Features of the phase of repair are: the 
sheets of epithelium that spread out from the gland 
mouths; the actively secreting glands that have a few 
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mitoses in zone II; the looser stroma of zone IV com- 
pared with earlier stages (200 stroma cells plus 4 mono- 
nuclear granule cells per unit area). The vasculature also 
shows transitional conditions. 

Arteries. Figure 1 (pl. 1) shows a coiled artery with 
terminal branches that extend into the disorganized zone 
(indicated by fine stipple). Since such rami are charac- 
teristic of zone II in other phases of the cycle, they 
provide evidence that all of zone II had not been shed. 
The main stem and the superficial branches appear com- 
pressed. Evidence that this is an indication of the pre- 
ceding involution is summarized on page 174. Extrav- 
asation of ink (indicated by small rings), as at the 
right, is rare. Many arterioles are dilated, however, al- 
though the pressure did not exceed 91 mm. Hg. In some 
arterioles, starch grains entered as far as the disorganized 
zone. In this zone the terminal arterioles reach a diame- 
ter of 42 microns, and, close to the necrobiotic end, they 
may have two or three ranks of muscle cells. The elastic 
tissue has dispersed or disappeared superficially, and, 
in the disorganized zone, the muscle cells are vacuolated. 
These conditions are typical of menstruation. In figure 1 
(pl. 1), the ramus at the left had retained some capillary 
connections, and the circulation through them may have 
been restored, although in this spot the surface is still 
denuded. Many arteries that extend through the en- 
dometrium are not coiled but merely sinuous, as in fig- 
ure 2 (pl. 1). It would seem that they had undergone 
extensive involution during the preceding anovulatory 
cycle. Most radial arteries are dilated, and at the endo- 
myometrial junction the injection of the endometrial 
arteries is complete so that they could be counted. 

Capillaries. Despite the excellent arterial injection, the 
capillary beds appear incomplete. Figure 8 (pl. 2) pre- 
sents a capillary bed taken just below the dense pycnotic 
zone in an area where the surface epithelium had been 
restored. It shows wide capillaries (solid black) supplied 
by a terminal arteriole. The ends of at least 10 of the 
capillaries are not cut off but are blind ends lying within 
the 480-micron section, indicating that the rest of the 
vessel was still collapsed or had perhaps degenerated. 
The venous net, however, seems to be complete. Some 
arterial capillaries are long; others promptly join venous 
capillaries which form a close network. Many of these 
capillaries were omitted from the drawing for the sake 
of clarity. Even the wider ones are simple endothelial 
tubes without an adventitial sheath. There is no reticular 
framework in this zone. 

Veins. Venules form an all-pervading irregular net- 
work that is more or less dilated as in other late 
menstrual stages. Bits of it are shown in figures 1 and 2 
(pl. 1). Dilated veins or sinuses may extend through 
most of the thickness of the endometrium (fig. 3, pl. 1). 
The emissaries to the myometrium are usually slim, even 


when they drain sinuses. The veins of the inner half of 
the myometrium are inconspicuous. 


‘TRANSITION FROM Repair To FotticuLtar PHASE 


B334. The specimen was obtained on day 8 of a May 
cycle, 5 days after the end of external bleeding. The 
preceding cycle had been anovulatory; ovulation had 
occurred in February and March, as indicated by palpa- 
tion and corpora lutea. The largest follicles in the ovaries 
measure 2 mm. 

The endometrium is low (1.2 to 2.3 mm. in corpus); 
other features of repair are dense superficial stroma, with 
red blood corpuscles scattered about in it, and minute 
aggregations of mononuclear leucocytes. There are small 
avascular areas at the surface, 14 to 70 microns thick, 
where the stroma is loosening. These herald the typical 
zone I of the follicular phase (see Bartelmez et al., 1951, 
p- 109). In zone II the stroma has loosened (average 136 
plus 8 wandering cells per 100 square microns). The 
surface epithelium is continuous; the glands of the cor- 
pus are sinuous with narrow lumina, but cells are actively 
secreting. Mitoses in the superficial epithelia average 
2.1 per cent. These features and the observed brightening 
of the sex skin indicate the beginning of a typical follicu- 
lar phase. 

Arteries. Type I arteries are, for the most part, simple 
in form, as is usual after an anovulatory cycle (figs. 4d, 
5¢, pl. 1). There are only 6 in the entire uterus as con- 
torted as that in figure 5a (pl. 1), which resembles the 
one in Daron’s (1936) figure 1 from a specimen of the 
repair phase. The type I vessels basally have the general 
structure of other small arteries, but many continue into 
zone II as straight tubes with a thin media of loosely 
arranged cells. The injection mass herniated the endo- 
thelium between the loose elements of the media; this 
occurred only in specimens from the follicular phase. 
The vessel appears to be stretched and the media loos- 
ened as zone II thickens with the accumulation of 
stromal ground substance. This apical segment has 
numerous lateral branches and supplies the superficial 
Y, to 4 of the endometrium (fig. 4, pl. 1). The type I 
arteries vary in length, but promptly break up into tufts 
of precapillary arterioles (fig. 5, pl. 1). 

Capillaries. Zone I is thin, and the capillary net of 
zone II may extend to within 14 microns of the surface 
epithelium (figs. 4, 54, c, pl. 1). In some areas this net 
reaches a width of 77 microns. It is dilated in a band 5 
to 13 microns wide. Figure 43 (pl. rr) shows the rich 
blood supply of the endometrium, compared with which 
the myometrium is sparsely vascularized. 

Veins. The endometrium, except for the avascular 
zone I, is pervaded by a coarse meshwork of venules, the 
tributaries of the larger ones usually entering at acute 
angles. Rarely, a straight, narrow venule passes through 
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zone II with few or no tributaries. Such vessels become 
abundant later in the follicular phase (fig. 17, pl. 3). 
Sinuses are largely confined to zone IV. There are some 
dilated veins that spread, spiderlike, through zones II, 
IJ, and IV. The dilated sinuous radial veins are 
shown in figure 4 (pl. 1). The vascular bed is fully in- 
jected in this endometrium; in the survey of the entire 
uterus nothing was found that resembles an arteriove- 
nous anastomosis. The emissaries to the myometrium are 
broad, and may drain into larger branched vessels that 
are spread out parallel to the endomyometrial junction. 


Earty Fotiicutar PHASE 


B302. On day 15 of the January cycle there was a 
3-mm. Graafian follicle in early atresia; no others were 
larger than 1 mm. The preceding (December) cycle had 
been anovulatory; the corpus luteum of the November 
cycle was in one ovary, a still older one in the other. 

The endometrium is typical of the early follicular 
phase. It is from 1.7 to 2.8 mm. thick, with straight, slim 
glands except in zone IV, where they are characteristically 
irregular and dilated. In all zones the epithelial cells 
show evidences of secretory activity. Zones I and II are 
thicker than in the preceding specimen primarily as a 
result of the accumulation of tissue fluid. Mitoses in sur- 
face epithelium reach 22 per cent; in zone II glands, 
3.8 per cent; in zone IV glands, 0.4 per cent. In a survey 
of 2 sections with oil-immersion lens,2 stroma cell mitoses 
were found and 2 in capillary endothelium. Stroma cells 
in zone II range from 76 to 123 per 100 square microns. 
They have not begun to hypertrophy as they do in the late 
follicular phase. Reticulum in zone I is delicate and hazy 
except around glands and blood vessels. 

Arteries. Type I arteries are more loosely coiled in 
zone IV than in B334, and they have come to be farther 
apart (see p. 176). Figure 7 (pl. 1) shows a typical large 
artery. A single apical ramus extends to the superficial 
capillary net, giving off 7 branches to zones II and III. 
This ramus is only slightly sinuous; in 11 arteries of the 
corpus it is more sinuous, and in 3 there is a loop in zone 
II, as in figure 18 (pl. 4). These features indicate that the 
coils and irregularities of the arteries of postmenstrual 
stages are straightened out as the stromal ground sub- 
stance accumulates (see p. 174). In the superficial moiety 
of zone II, these rami have the incomplete media de- 
scribed above. Many type I arteries are no more sinuous 
than the one in figure 15 (pl. 3). The major branches 
have a spread of 0.4 to 0.8 mm. The numerous type II 
arteries are likewise variable in form. They have outer 
diameters of 25 microns or less at the junction. Some 
promptly break up into precapillary arterioles, which 
occasionally turn back into the myometrium. They may 
have a series of lateral branches, or they may terminate 
in a tuft of capillaries (fig. 11, pl. 2). Some, like that at 
the right in figure 6 (pl. 1), pass through most of zone 


IV before branching, and may reach zone II. The 
radial arteries, which give rise to one or more basals, 
usually have myometrial branches as well. No constric- 
tion was observed in any radial or coiled artery. 

Capillaries. The superficial capillary net marks the 
boundary of the avascular zone I. It is from 60 to 75 
microns wide. Where the apical rami of the coiled 
arteries are dilated, the arterial capillaries are also dilated 
up to 12 microns (fig. 37d, pl. g). The character of the 
net can be readily depicted only in surface views (fig. 9, 
pl. 2), since the meshes are spread out parallel to the 
surface. Frequently, the arterial are superficial to the 
venous capillaries. Some extend parallel to the surface 
for relatively long distances (arrow at left in fig. 37d, 
pl. 9). In zones II and III, the anastomoses between 
capillaries are less frequent; after one or two dichoto- 
mous branchings, they usually pass to venous capillaries 
(fig. 10, pl. 2) which gradually become wider as they 
approach the venules. A series of arterial capillaries in 
zone II can be followed for distances of 220 to 300 
microns. In zones II, II, and IV, characteristic nets of 
capillaries are spread out between two or more venules 
(fig. 12, pl. 2). The mesh is coarser than that of the typi- 
cal capillary bed. Arterial capillaries can only occasion- 
ally be found supplying such nets, which may serve to 
slow down the flow of blood through the mucosa. In 
zone IV, the basal arteries supply a continuous capillary 
net (fig. 11, pl. 2). The meshes are smaller here than 
superficially. 

Veins. Veins are far more abundant than arteries, and 
they form a network topographically unrelated to the 
arteries. Two types of venules drain the superficial 
capillary net. Most of them join the irregular network 
that pervades the entire endometrium (left edge of fig. 7, 
pl. 1). Less common in this specimen are radially di- 
rected venules that pass straight and with few tributaries 
to large veins or sinuses in zones III or IV. In the fol- 
lowing specimen, these radial veins of the endometrium 
are prominent (fig. 17, pl. 3). Sinuses are small in com- 
parison with the preceding specimens, and are usually in 
zone IV. ‘The emissaries to the myometrium are wide 
and numerous (fig. 7, pl. 1). The veins of the myo- 
metrium anastomose as irregularly as in the endo- 
metrium. Thus, the entire uterine wall has a venous sys- 
tem in the form of a continuous network without valves 
at any level. This condition explains why an injection 
mass introduced by way of the uterine arteries may fill 
the uterine veins if the injected mass passes through any 
one capillary bed within the uterus. Many small arteries 
may remain uninjected in these instances (see p. 166, 
end). 

Late Foiricutar Puase 


B338. ‘This uterus is associated with a normal 6-mm. 
Graafian follicle (1st maturation division) obtained on 
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day 12 of the February cycle. The December and Janu- 
ary cycles had involved ovulation. The endometrium 
reaches 4 mm. with a loose stroma, zones II and III 
comprising % of the thickness. The avascular zone I 
varies from 22 to 90 microns. The cells of the superficial 
stroma are characteristically enlarged. The glands are 
straight and slim except in zone IV, where they are 
dilated, branched, and contorted. All gland cells not 
actually dividing are secreting. 

Arteries. Figure 18 (pl. 4) shows two adjacent arteries 
coiled in zone IV; in zone III the coils are looser; the 
apical ramus in zone II extends to the superficial capil- 
lary net. Lateral branches are rare in zone IV; there may 
be many in zones II and III (fig. 14, pl. 3), or the 
branching may be confined to zone II (at right in fig. 18, 
pl. 4). As compared with figures 1 and 5a (pl. 1), it 
would appear that the apical segment had been uncoiled 
and lengthened as the endometrium thickened. The 
arterial loops in zone II (fig. 18, pl. 4) are survivals, 
accordingly, of the superficial coils seen in repair stages. 
As in the two preceding specimens, the endothelium of 
the apical ramus was herniated out between the sur- 
rounding cells, and, as the vessel is followed toward the 
surface, the media becomes more and more disorganized. 
There is no evidence whatever of growth in these vessels 
commensurate with the progressive thickening of zone II 
during this phase. In the present specimen no mitoses 
could be found in any blood vessel, although epithelial 
mitoses average 8.3 per cent, and dividing stroma cells 
are not rare. The vessels are obviously stretched as well 
as straightened out. 

The vessels in figure 14 (pl. 3) show variation in the 
branching of the large type I arteries. That at the left 
has a branch in zone IV, many in zones II and III, and it 
also supplies the superficial net. That at the right is the 
most contorted vessel in this specimen, but it has no long 
apical ramus. This may have been so greatly injured by 
the preceding menstrual ischemia that it degenerated to 
the level of zone III. Basally, the distance between the 
large coiled arteries averages 0.62 mm. (see table 1, 
p.176). Type II arteries vary widely in size and distribu- 
tion. Many, like the one between the large vessels in 
figure 18 (pl. 4), are simply rami of myometrial arteri- 
oles or small branches of radial arteries. These promptly 
break up into capillaries. Others extend farther into 
zone IV (fig. 16, pl. 3), and some reach zone III (fig. 15, 
pl. 3). 

Capillaries. The avascular stroma of zone I separates 
the surface epithelium from the superficial capillary net. 
This net is dilated over most of the corpus and fundus, 
as in other late follicular endometria. It manifests the 
superficial hyperemia discovered by Markee (1929, 1940) 
at estrus. The dilatation is not uniform, and it is absent 
in small areas both laterally and in the thick median 


prospective placental sites. This variability indicates in- 
dividuality in the behavior of the coiled arteries, for 
where they are dilated superficially the capillaries are 
also wide (fig. 14, pl. 3). Here, as in the preceding 
specimen, the arterial capillaries are superficial to the 
venous. An occasional sprout extends into the stroma of 
zone I. 

Deeper in zone II, the arterial capillaries rarely form 
nets. Figure 13 (pl. 2) shows the vascular bed at this 
level. The precapillary arteriole in the figure is the apical 
ramus of a coiled artery; its lumen is 12 microns in 
diameter. Its branches arise approximately at right an- 
gles and promptly become capillaries, as can often be seen 
where they are near or cut off at the surface of the section. 
They may be as long as 180 microns before branching, 
and they usually divide dichotomously before reaching 
the wider venous capillaries. Venous capillary nets are 
present, as in figure 12 (pl. 2). The capillaries of zone II 
are farther apart than earlier, as might be expected since 
the stromal ground substance has increased, and there is 
no evidence of capillary proliferation. Figures 15 and 16 
(pl. 3) show capillary beds in zone IV, where networks 
are the rule. : 

Veins. Figure 17 (pl. 3) shows the veins and larger 
venules in an area of a single 300-micron section. The 
irregular network extends throughout the endometrium, 
the diameters of the vessels varying as much as their 
branching. The radial endometrial veins have become 
more prominent than earlier in this phase, and extend 
straight, with few or no tributaries, from the superficial 
net to large veins or sinuses in zone IV. They are usually 
narrow and uniform in diameter (at right, fig. 17, pl. 3). 
The sinuses are transient enlargements in the venous 
system of the endometrium (Markee, 1940). Some can 
always be found in zone IV (see p. 178). 

B327. The specimen was obtained on day 11 of an 
April cycle. On day 8, both ovaries were described as 
“small” when palpated; on day 10, the right was defi- 
nitely enlarged, and on the following day the animal was 
prepared in the usual manner. A follicle about 6 mm. in 
diameter was found on the right. As the uterus and 
adnexa were being removed, the follicle ruptured; no 
ovum was recovered from the washings of the pelvic 
cavity. The wall of the follicle is histologically normal. 

The endometrium agrees in most respects with the 
other two associated with mature Graafian follicles (Bar- 
telmez et al., 1951). It reaches 5.1 mm. in thickness. The 
glands are straight in zone II, with narrow lumen; in 
zones III and IV, they are contorted, the lumen dilated, 
as is typical of this phase. Gland cells at all levels are 
secreting. Zone I is well defined, avascular, and lacking 
reticulum except for the basement membranes of the 
epithelia. Some red blood corpuscles are scattered about 
superficially, and the characteristic large stroma cells of 
this period are common in zones IJ and II. Zone II com- 
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prises about 50 per cent of the endometrium. It differs 
from the others in that epithelial mitoses average only 
2aipenicent. 

Vasculature. The coiled arteries confirm the findings 
in the preceding specimen in all significant details. The 
coiled segment of the larger arteries usually extends far- 
ther toward zone IJ. The superficial capillaries are di- 
lated in only a few areas, but, in other respects, the 
capillary beds and veins resemble those of the preceding 
specimen. 

Puase oF OvuLATION 


B323. After a 26-day cycle, the ovary was found en- 
larged on day g. The follicle ruptured between 5 P.M. on 
day 10 and 8:45 a.m. on day 11. Perfusion was done 
5 hours later, and a normal egg was washed from the 
tube. The endometrium differs greatly from preovula- 
tory stages and also from some others associated with 
tubal eggs (Bartelmez et al., 1951). There are, however, 
two others obtained a few hours after ovulation that 
present similar pictures. These three are, obviously, ex- 
amples of mid-cycle regression observed in certain cycles 
by Markee (1940). The mucosa is thin (3 mm. or less) ; 
the glands are sinuous or irregular; the stroma is dense, 
up to 144 cells per 100 square microns. 

Arteries. The form of the large type I arteries suggests 
a recent reduction in the thickness of the endometrium. 
The vessel in figure 19 (pl. 4) appears compressed, its 
coils flattened, and the apical ramus contorted, in com- 
parison with the vessels in figure 18 (pl. 4; see figs. 46, 47, 
pl. 11). The frequency of the constrictions in radial 
arteries is significant. They resemble the “constriction 
cones” found by Daron (1936) in early menstruation. 
In 26 vessels the constricted segment is included within 
a single section so that it can be readily measured, and 
the continuity of the radial and coiled arteries can also 
be demonstrated. The photomicrograph reproduced in 
figure 47 (pl. 11) shows a constriction 265 microns long. 
The lumen narrows abruptly from 25 to 4 microns and 
then to 2 microns. The nature of the constriction is 
shown by the differences in the diameter of the vessel as 
a whole. In the constricted segments the diameter (in- 
cluding only the media) is 75 microns; elsewhere it is 
110 microns or more. It would appear, then, that the 
constrictions are due to localized elongations of the ves- 
sels which involve a narrowing of the lumen. They are 
identical with the constrictions during menstruation. 
This is very different from the passive collapsing of the 
thin-walled veins by myometrial contractions; the veins 
are flattened into the form of ribbons. 

Capillaries. The capillary beds also give evidence of a 
sudden collapse of the superficial endometrium after the 
disappearance of fluid from the stroma. A comparison of 
figures 23a, c, and d (pl. 6) with figures 9 and 13 (pl. 2) 
and 24 and 25 (pl. 6) shows a narrowing and distortion 


of the form of the meshes in zone II. Sprouts projecting 
into zone I are more common than in the preceding 
specimen. 

Veins. Radial veins passing through to zone IV are 
common. In areas where the mucosa is thin, they are 
sinuous rather than straight, as they are in other phases. 
Their form can be interpreted as a result of rapid involu- 
tion (see p. 169). Usually the veins end in sinuses that 
form an almost continuous chain in zone IV. Their 
emissaries to the myometrium are narrow, as a rule, but 
some are large vessels that have few tributaries and can 
be followed to the stratum vasculare. The carmine in 
the injection mass diffused out from the larger veins of 
the corpus and fundus, although there is no such diffu- 
sion in the myometrium or in the mucosa of the isthmus 
or the cervix. The diffusion must, accordingly, be as- 
cribed to the altered permeability of these particular ves- 
sels and not to the unduly high degree of dispersion of 
carmine in the injection mass. Diffusion of carmine oc- 
curred in only one other specimen—an early stage of 
menstruation (see B313, pp. 169-170). 

B319. This uterus was obtained 21 hours after a large 
follicle had been palpated. The follicle presents the 
earliest postovulatory stage seen by Corner (1945). A 
histologically normal egg was washed from the tube. 
As in the preceding specimen, the endometrium is thin, 
the stroma dense in zone II. The glands are sinuous 
with narrow lumina and tall, often pseudostratified, 
epithelium. There are epithelial mitoses at all levels (see 
Bartelmez et al., 1951). The tube was removed under 
evipal-ether, and the animal was killed with illuminating 
gas before the injection was begun. Although the arter- 
ies of the stratum vasculare are greatly dilated, injection 
mass entered very few radial arteries, and the endo- 
metrium remained uninjected except for a few simple 
type I arteries. This situation was due either to the in- 
sults of surgery or to the omission of the preliminary 
NaNO:-histamine perfusion, or both, at a time when the 
radial arteries are more or less constricted and perhaps 
highly irritable. The uterus was prepared for cytologic 
study and very little of it cut into thick sections. In these, 
typical constrictions could be recognized in three radial 
arteries, in confirmation of the conditions in B323. 


Earty Procravip (PREIMPLANTATION) PHasE 


B309. This uterus was injected on day 17 of a Feb- 
ruary-March cycle. The recent corpus luteum was diag- 
nosed as 6 to 7 days old by G. W. Corner. Three old 
corpora lutea were present, probably from the December, 
January, and February cycles. The endometrium is typi- 
cal of the preimplantation stage. It is 4.9 mm. thick at 
the middle of the prospective placental site. The glands 
have begun to accumulate secretion that is richer in gly- 
cogen than it was in the follicular phase. The gland 
cells are pseudostratified, and the large basal vacuoles 
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that arise as the intracellular glycogen is plasmolyzed 
during fixation are more common than in the follicular 
phase. In the surface epithelium and in the glands of 
zone IV, 1 per cent of the cells are dividing; in zones 
II and III, only 0.3 per cent (Bensley, 1951). Zone I is 
being vascularized, but very few capillaries have reached 
the surface epithelium. Zone II now comprises 53 per 
cent of the thickness, and its stroma is loose, for the most 
part, except about the coiled arteries; the vascular fields 
are accordingly prominent. 

Arteries. Figure 48 (pl. 12) is a photograph from a 
480-micron section taken near the mid-line of the corpus. 
The coiled segments of the large arteries had extended 
well into zone II. Vessels as contorted as the one in 
figure 21 (pl. 5) are found in certain other uteri that 
have histories of several recent ovulatory cycles. It would 
appear that, in these specimens, the arteries grow longer 
during successive progravid phases, and in zone IV there 
is but little intervening regression. Cumulative growth 
would also account for the unusually thick endometria 
sometimes seen at the end of the cycle (see Bartelmez 
et al., 1951, p. 124). Five apical rami spread out toward 
the surface in all directions (fig. 21, pl. 5). These vessels, 
which are structurally arterioles, are not as sinuous as in 
B323 (fig. 19, pl. 4). By comparison, they appear to have 
unfolded as zone II thickened. Their spread varies from 
rt to 2.2 mm.; since they appear similar in sagittal and 
transverse sections, they are probably radially sym- 
metrical. Usually each artery and its branches occupy a 
definite territory. Artery d in figure 48 (pl. 12) has two 
rami that turn toward a neighbor and ramify among its 
branches. These vessels are accordingly not intolerant 
toward their kind, as developing nerve fibers are. The 
media can be recognized in some apical rami to within 
100 microns of the surface, but sometimes the cells are 
irregularly disposed and may be vacuolated. In these 
rami the differentiation that was begun in the follicular 
phase has not yet been completed. There are 19 arteries 
as large and contorted as the artery in figure 21 (pl. 5); 
all but 2 of them are in the corpus. They are growing 
at this time, as is indicated by the presence of 14 dividing 
cells in 7 successive 8-micron sections of one vessel. This 
fact is significant, since no stroma cell mitoses were 
found, and the mitoses in the glands of zone II have 
fallen off materially in comparison with those of the late 
follicular phase (Bensley, 1951). 

A projection reconstruction on the horizontal plane 
was made from the sagittal series of the dorsal wall. It 
shows 62 type I arteries in the corpus, 26 in the fundus. 
Most of the larger vessels are in the paramedian region 
of the corpus, where the endometrium is thickest (see 
p. 173). The branches spread over 1.12 sq. mm. on the 
average. The 43 arteries smaller than the one in figure 
a1 (pl. 5) vary greatly. They are less contorted, and so 


the arterial fields are narrower. Where dorsal and ven- 
tral walls of the endometrium join, that is, at the lateral 
limbus and in the depths of the fundus, the arteries are 
usually as simple as those in figure 30 (pl. 7); some are 
merely sinuous. They ramify at the surface, however, 
and also resemble other type I arteries in that they sel- 
dom have branches in zone IV. 

Capillaries. The dilatation of the superficial capillary 
net, characteristic of the late follicular phase, has prac- 
tically disappeared. The stroma of zone I is in the 
process of being vascularized, so that the avascular bor- 
der is narrower than in the ovulation phase, 6 microns, 
on the average, as compared to 21 microns (the greater 
width of this zone in figures 23a, b, plate 6, is due to the 
tangential plane of section). In B309, the number of 
capillary sprouts projecting into zone I has increased, 
and a few have reached the basement membrane of the 
surface epithelium. The invaders are arterial capillaries, 
which continue to spread superficial to the venous net. 
The meshes are elongated in the transverse plane, and 
sometimes a long capillary courses parallel to the surface. 
Such capillaries are not in close contact with the epi- 
thelium as in the late progravid phase (cf. figs. 24, 27, 
pl. 6). Below the superficial net, the zone II capillaries 
are supplied by precapillary branches of type I arteries; 
from them, capillaries arise both laterally and terminally. 
They branch dichotomously, and pursue a sinuous course 
(fig. 25, pl. 6). The capillary beds in zone II are looser 
than in earlier phases, as if they had been spread out by 
the development of edema fluid (cf. fig. 10, pl. 2; figs. 23¢, 
25, pl. 6). The capillaries usually dilate toward the 
venous end. Rarely, a precapillary arteriole supplies a 
net of venous capillaries such as that in figure 12 (pl. 2). 
Capillaries are spread irregularly through the stroma, 
and there is no indication that the glands are closely 
invested by a capillary bed; the occasional approximation 
of a capillary to the glandular epithelium appears to be 
coincidental. 

Veins. The network is the prominent feature of the 
venous system in this specimen. ‘The straight radial veins 
of the previous phases do not reach zone IV, and usually 
join the network at the middle of zone II. There is an 
occasional small sinus at this level, as at the right in 
figure 22 (pl. 5). Irregularity is the outstanding feature 
of the net. The individual venules vary in length and 
become wider or narrower, irrespective of tributaries or 
anastomoses, which are likely to occur at acute angles. 
The sinuous arterioles, on the other hand, have a series 
of lateral branches that arise approximately at right 
angles. Venules vastly outnumber arterioles, and their 
delicate walls suggest that they are not merely conduits 
but are concerned in fluid exchange. 

B326. The animal died during an exploratory lapa- 
rotomy under nembutal, 35 days after the last menstrual 
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period in January. After vasodilation, india ink was in- 
jected per aortam, carmine gelatin per venam cavam. 
There had been a 20-day postmenstrual period of ovarian 
quiescence followed by the development of brilliant sex 
skin color and enlargement of the right ovary. At 
autopsy, only one corpus luteum was found, which was 
diagnosed as 5 to 8 days old by G. W. Corner. Ovulation 
accordingly occurred 6 to g days after the enlargement of 
the ovary was diagnosed. 

The endometrium has reached a thickness of 5.0 mm. 
in one area. Much of the corpus is only 2.8 mm. thick. 
The glands are abundant in some areas, sparse in others. 
They are sinuous, dilated in zones II and II, narrow in 
zone IV. Abrupt transitions from the slim pseudostrati- 
fied gland cells of the early progravid phase to the short 
broad cells of the later phase give a “sawtooth” appear- 
ance (Bartelmez et al., 1951). Mitoses are present in 
0.85 per cent of all epithelial cells. The stroma is loose, 
with abundant metachromatically staining ground sub- 
stance in zones I, II, and III. 

Arteries. Figure 20 (pl. 4) shows as contorted an ar- 
tery as any in this endometrium. It might well have 
developed in the course of a week from one like that at 
the left in figure 18 (pl. 4) if the apical segment had con- 
tinued to grow faster than the mucosa thickened. The 
greatest superficial spread of the branches of a coiled 
artery noted is 1.6 mm. The main trunk resembles 
Daron’s (1936) figure 4 from the early progravid phase. 
The majority of the type I arteries are no more con- 
torted than the transitional arteries of figure 30 (pl. 7). 
The history of this case provides an explanation of the 
difference between it and B309 (see p. 174). Precapillary 
arterioles have differentiated to within 0.2 mm. (rarely 
0.1 mm.) of the surface. This condition represents prog- 
ress over B309. Mitoses in their walls show that they 
were still growing. The prolonged anaesthesia may ac- 
count for their narrow lumina, for Markee (1940) ob- 
served a blanching of the endometrium under these 
conditions. 

Capillaries. ‘The only difference from B309 as far as 
the capillary beds are concerned is that zone I is more 
completely vascularized, and capillaries in contact with 
the surface epithelium have become common. 

Veins. The general pattern of the veins is like that of 
figure 22 (pl. 5) in that the network is the dominating 
feature. The superficial veins and venules are more di- 
lated, presumably as a result of the direct injection via 
vena cava after the capillaries had been filled via aorta. 


Earty Procravin ENpomMeETRIuM ASSOCIATED WITH A 
Recent Corpus ABERRANS 
B307. The animal was sacrificed on day 26 of a Feb- 
ruary cycle. She had been received on November 30 
with an infected skin wound, and did not menstruate in 
December. The right ovary had a corpus aberrans 


(Corner, 1942; Corner et al., 1936) and two old corpora 
lutea; none was found on the left. 

The endometrium has a maximum thickness of 4.9 
mm.; the glands are sinuous with a somewhat dilated 
lumen. The surface epithelium is low (21 microns) with 
the nuclei in two ranks, so that there is no peripheral 
border of cytoplasm. In zones II and III, the glandular 
epithelium is typically early progravid: 28 to 34 microns 
in height and pseudostratified with large basal glycogen 
artifacts. In zone IV, it reaches 50 microns, and 1 per 
cent of the cells are in mitosis. The stroma of zones I 
and II is of the variable type with from 97 to 143 cells 
per 100 square microns. There are a few mitoses. The 
reticulum at this level stains feebly, a definitely aberrant 
finding for this phase. Zone II involves 4o to 60 per cent 
of the thickness. Sclerotic arteries and hemophages in 
the inner myometrium indicate a recent pregnancy. 

Arteries. The large coiled arteries are more contorted 
in zone II than the artery in figure 21 (pl. 5), as may be 
seen in figure 49 (pl. 12). As in B309, there are usually 
two or more superficial rami. In B307 they have dif- 
ferentiated closer to the surface. They resemble Daron’s 
figure 5 except that, in B307, zone II is edematous and 
the apical rami are sinuous. Arterioles up to 57 microns 
in diameter occur 200 microns below the surface, and 
there are precapillary arterioles in zone I. The distance 
between the larger coiled arteries of the prospective pla- 
cental sites is less than in the more edematous B309 
(see p. 176). These features seem to indicate the onset 
of involution. No constrictions were found in radial 
arteries. 

Capillaries. The pattern of the capillary beds of zones 
II and III is only occasionally shown. Usually there is 
so little prussian blue in them that they fade out, in the 
necessarily thick sections, as they are followed out from 
the arterioles. Where the capillary beds are complete, 
they resemble figures 24 and 25 (pl. 6). 

Veins. ‘The irregularity of the network is more strik- 
ing in this specimen than in figure 22 (pl. 5). Numer- 
ous anastomoses and tributaries almost completely re- 
place the through routes represented by the radial veins. 
In the dorsal wall at the inferior end of the corpus, close- 
meshed networks of venules in zones II and III were 
injected. Sinuses are more common in the ventral than 
in the dorsal wall. Long chains of them extend longi- 
tudinally through zone IV; their emissaries to the myo- 
metrium may be broad or slim. There are a few sinuses 
in zones II and III (fig. 49, pl. 12). Two spiderlike 
sinuses, such as are seen during menstruation, were 
noted spreading through zones II, III, and IV. 


Procravip PHAsE 
B324. This uterus was obtained on day 23 of a Febru- 
ary cycle. The four preceding cycles had been ovulatory 
(Rossman, 1942). In February the sex skin color did not 
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rise until day 13, and it fell again on day 18. The struc- 
ture of the corpus luteum indicates ovulation between 
days 14 and 16. 

The endometrium is somewhat more advanced than 
in B326. The maximum thickness is 5 mm. The sur- 
face epithelium is tall and pseudostratified. The glands 
are sinuous, and most have a wide lumen in zone II. 
The cells are 24 to 33 microns high and 4.2 microns 
wide, with nuclei in a single rank. A few narrow glands 
have a single rank of tall cells 3.5 microns wide. The 
shorter, broader cells of the dilated glands suggest that 
the accumulation of secretion in the gland lumen is at 
least a factor in changing the form of the cells. The 
basal glycogen artifacts of the early progravid phase are 
present in the great majority of gland cells; on the other 
hand, no mitoses were found, even in zone IV. Zone I 
is well defined by edema, and is fully vascularized. 
There are patches of dense stroma in zone II, as in cer- 
tain other early progravid specimens. 

The animal had been under nembutal for 1 hour when 
illuminating gas was administered for 20 minutes instead 
of the usual 5 minutes. Perfusion with NaNO. and 
histamine preceded the injection. Various extravasations 
of starch and the entrance of starch into capillaries can 
be ascribed to the slow CO poisoning, since these condi- 
tions were not observed in other specimens of this phase. 
However, the constricted superficial arterioles described 
below can hardly be explained on this basis. 

Arteries. The more complex of the type I vessels re- 
semble figure 20 (pl. 4) basally, although they are more 
contorted in zone II (see p. 163). The apical rami are 
extremely small with narrow lumina. They come within 
350 microns of the surface epithelium. One 28-micron 
vessel has a lumen of 10.5 microns. Starch entered only 
an occasional endometrial artery. At the center of the 
corpus is an area where zones I and II remained en- 
tirely uninjected. Here the lumina of the arterioles are 
virtual, although the injection is good in the basal half 
of the endometrium (see B332, pp. 171 and 175). 

Capillaries. The effect of long exposure to CO is seen 
in widely dilated superficial capillaries that may reach a 
diameter of 14 microns or more. One capillary in con- 
tact with the surface epithelium measures 10.7 microns 
where a solitary starch grain lodged in it; at the ends, it 
tapers off to 3.6 microns. Starch had passed from the 
capillaries into some of the superficial venules. A care- 
ful search through this series brought to light only capil- 
lary communications between arteries and veins. The 
superficial capillary beds are like those in figure 274 
(pl. 6). 

Veins. The venous pattern resembles that of figure 22 
(pl. 5) in that the network is more prominent than the 
radial venules. Aside from an occasional small sinus in 
zone III, the sinuses are near the junction with the myo- 


metrium. The emissaries to the myometrium are incon- 
spicuous. 

B239. Ovulation was diagnosed by palpation between 
days 12 and 13 of a March cycle. On day 23, an intra- 
venous injection of HgS was made according to Daron’s 
method (1936). The uterus was opened in the plane of 
the broad ligaments and sectioned serially, mostly at 
400 microns. After all sections had been studied and 
drawn, one of them was embedded in celloidin-paraffin 
and sectioned serially at 6 microns. 

The endometrium is typically progravid (see fig. 50, 
pl. 12, and its legend). It is thickest at the middle of the 
dorsal wall, where it reaches 8.7 mm. In zone II, the 
glands are straight with rather wide lumina; in zones 
III and IV, they are branched and contorted. Local dila- 
tations occur at all levels. The gland cells are interme- 
diate between early and late progravid types. Pseudo- 
stratified epithelia with basal glycogen artifacts are char- 
acters of the early progravid phase. Where the nuclei 
are in a single rank, the late type is present. Mitoses are 
almost completely absent in all tissues, as in B324, and 
zone II, with 33 cells per 100 square microns, comprises 
61 per cent of the mucosa. These features are typical of 
the late progravid phase. 

Arteries. The intravital injection makes this specimen 
a control for those prepared postvitally as far as the form 
and diameter of the vessels are concerned. The wider, 
closely coiled segment of the larger arteries extends as far 
as zone II (cf. fig. 50, pl. 12). The spread of the coils, 
ie. the width of the arterial fields, is less than in figures 
20 (pl. 4) or 21 (pl. 5), and the apical rami are slimmer. 
The diameter of the larger coiled arteries reaches 118 
microns with a lumen of 68 microns. 

The complete series makes this case available for the 
study of the number and distribution of the arteries. The 
largest are obviously in the middle half of the prospec- 
tive placental sites in both dorsal and ventral walls, as 
in B309. The average width of the 22 largest arterial 
fields, i.e. the maximal extent of the coils, in the dorsal 
wall is 385 microns (range, 275 to 518 microns) ; of 32 in 
the ventral wall, it is 359 microns (range, 235 to 552 mi- 
crons). In the fundus, the average extent of the vessels 
in the dorsal and ventral walls is 203 and 147 microns, 
respectively. There are, in addition, ro small coiled ar- 
teries laterally in the dorsal wall, which average 173 
microns, and 22 ventrally, averaging 194 microns. The 
distance between adjacent arteries at the level of the 
endomyometrial junction gives an indication of the 
spread of these vessels. The average distance dorsally is 
r.0 mm., 0.74 mm. ventrally. For the larger paramedian 
vessels, the value dorsally is 1.21 mm., 1.0 mm. ventrally. 
It appears, then, that in the dorsal wall, which is 4% 
thicker, the vessels cover more territory; in the ventral 
wall they are smaller and more numerous (see p. 173). 
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The apical rami are sinuous, and precapillary arterioles 
20 microns in diameter with a 10-micron lumen extend 
to within 160 microns of the surface epithelium. 

Capillaries. In these intravital injections, the capillaries 
cannot be followed for more than a few microns from 
terminal arterioles and venules, since not enough HgS 
is present to show microscopically, nor is there a continu- 
ous file of red blood corpuscles to reveal them. 

Veins. The veins are admirably visualized. Outstand- 
ing features are the radial veins that occasionally extend, 
without a tributary, from the superficial net to a sinus in 
zone III. Usually they are narrow (enlarging from 18 
to 22.5 microns), but they may reach 53 microns before 
emptying into a sinus. They seldom have more than 
three tributaries in zone II. The network of veins, which 
dominates figure 22 (pl. 5), is less conspicuous. This 
intravitally injected specimen is particularly useful in 
showing that the sinuses are not veins artificially en- 
larged by postvital manipulations. They are local dilata- 
tions of the venous system, although, as Markee showed, 
they come and go. They are common in zones III and 
IV, extending parallel to the surface. One of them ex- 
tends vertically from the middle of zone II through to 
zone IV. They are rare in zone II. Many of the zone IV 
sinuses have broad emissaries to myometrial veins; some 
of them are narrow at the junction before they open into 
large myometrial veins. These may pass to the stratum 
vasculare with but few tributaries. 

B325. Only one cycle, 27 days in length, was observed 
between the receipt of this animal, at the end of De- 
cember, and the injection, which was done on day 21 of 
the February cycle. The corpus luteum corresponds to 
the 10- to 11-day stage of Corner (1945). No other cor- 
pora lutea were noted. After vasodilation, carmine gelatin 
was injected per aortam, prussian blue per venam cavam, 
and india ink intramyometrially. 

The endometrium is typical of this phase, correspond- 
ing in all respects to early implantation stages (Bartelmez 
et al., 1951). Unlike the three following specimens, it 
shows no indications of regression. It reaches a maxi- 
mum of 7.0 mm. with dilated and sacculated glands in 
zone III, some of which have the same form in zone IV, 
a condition sometimes seen also in pregnancy. Zone I, 
recognized by greater edema, averages 168 microns in 
thickness; the surface epithelium is low. Zone II com- 
prises 60 per cent of the thickness, and has a loose stroma, 
in which the arterial fields stand out sharply, since the 
stroma surrounding them is dense. Mitoses are very rare 
in any tissue. 

Arteries. The form of the arteries is unusually variable; 
in all of them the vascular fields are narrow. Figure 31 
(pl. 7) and figure 514 (pl. 12) show one of the most 
complex. It is loosely coiled in zone IV, most contorted 
in zone III, and sinuous in the superficial half of zone II. 


At the level of the arrow, the main trunk divides dichoto- 
mously, and a lateral branch arises. The branches in 
zones III and IV are unusual in this as in other progravid 
endometria. The two terminal rami reach to within 
100 microns of the surface, where they are precapillary 
arterioles with outer diameters of 14 to 17 microns. Their 
presence so close to the surface is distinctive of this phase 
of the cycle. Figure 51¢ (pl. 12) shows one of the simple 
type I arteries. Such vessels predominate in the fundus 
and in the band of corpus that borders on the isthmus. 
The distance between coiled arteries ranges from 1.2 to 
2.2 mm. (average, 1.4 mm.) in the corpus, 1.1 mm. in 
the fundus (table 1, p. 176). 

Capillaries. Zone I is completely vascularized, and long 
capillaries are closely applied to the basement membrane 
of the surface epithelium. Figure 26a (pl. 6) shows the 
meshwork to be looser than in earlier phases, which 
would indicate either that new capillaries are not formed 
later in the progravid phase, or that they do not keep 
pace with the development of edema at this level. The 
same is true also deeper in zone II, where the dilating 
glands appear to spread out the capillary mesh (fig. 26d, 
pl. 6). In the thin septa between the crowded glands of 
zones III and IV, the capillaries appear to be shorter and 
closer together. 

Veins. Straight, radially directed veins are common as 
in B239, and they may extend through zone II to zone II. 
Unlike the vein shown at the left in figure 31 (pl. 7), 
they usually have tributaries in zone II. They differ from 
the radial veins of the follicular phase that pass directly 
to zone IV (fig. 17, pl. 3). In addition, the all-pervading 
venous network is present, as usual. The groups of 
venous capillaries joining venules are also common. 
Sinuses are uncommon except in zone IV, where they 
may occur in long chains extending sagittally. Only 
two sinuses were found in zone IJ. Emissaries to the 
myometrium are slim or flattened, and consequently 
inconspicuous. 

After the blood vessels had been injected and the 
uterus chilled to stiffen the gelatin, ink was injected into 
the myometrium with a hypodermic needle in the hope 
of demonstrating lymphatics. Many myometrial veins 
and some endometrial veins were filled with ink. They 
were recognized as such by following them to carmine- 
filled veins. No vessels in the endometrium were found 
that could be identified as lymphatics. 

B330. This uterus was obtained on day 27 of an April 
cycle. Inadequate fixation of the corpus luteum pre- 
cludes conclusive determination of age; it was mature or 
in early regression. There is another (old) corpus luteum 
in this ovary, two fairly recent and three old corpora in 
the other. The number of primordia] follicles is so much 
smaller than usual as to indicate a rather old animal. 

The endometrium, 6.3 mm. or less in thickness, shows 
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no signs of regression and presents several features of the 
early progravid phase. The surface epithelium is tall and 
pseudostratified with 1 per cent mitoses. The lumen of 
the sinuous glands is only moderately distended; the 
epithelium is pseudostratified or of the sawtoothed type 
(Bartelmez et al., 1951). The characteristic early basal 
glycogen artifacts are present in zones II and II, and 
0.85 per cent of the cells at this level were dividing. 
There is a well defined zone I, 20 to 100 microns thick, 
which was only beginning to be vascularized. Zone II 
comprises half of the mucosa. 

Arteries. The larger type I arteries are the most con- 
torted in the present series (fig. 32, pl. 7; fig. 55, pl. 13). 
They resemble Daron’s (1936) figure 5 except that the 
most contorted segment is in zones III and IV. At the 
endomyometrial junction the large arteries are on the 
average 1.1 mm. apart. The coiled apical ramus is a late 
progravid feature, as is the differentiation of precapillary 
arterioles to within 70 microns of the surface epithelium. 
As usual, there are also simply coiled and even sinuous 
type I arteries, and transitions from these to basal arteries 
which may branch through some or all levels of zone IV. 
No constriction was found in any radial artery. 

Capillaries. Where zone I is thickest, it does not seem 
to have been invaded by any capillaries. Elsewhere, the 
avascular zone varies according to the extent to which 
loops or blind sprouts have grown into it. The super- 
ficial network is narrower (fig. 29, pl. 6) than it is 
nearer zone III. Figure 29 (pl. 6) shows the complex 
pattern of the capillary bed at this level. The finding 
of an occasional starch grain in capillaries led to an 
intensive study of the capillary beds. Twelve fields, 
which looked, under low magnification, as if arterio- 
venous anastomoses might be present, were drawn in full 
detail and checked under the oil-immersion lens. In every 
instance, it was obvious that only typical capillary beds 
separated arteries and veins. 

Veins. The general orientation of the venous net is 
radial: radial veins are common in zone II, a few pass 
through to zone IV, as in the follicular phase, and the 
meshes of the network are elongated in the same direc- 
tion. Most radial veins have tributaries and end in sinuses 
in zone III. The large spiderlike sinuses are present, as 
in B332 (fig. 62, pl. 15), and there are chains of sinuses 
in zone IV extending in the sagittal plane. Some emis- 
saries to the myometrium are broad, others narrow, and 
occasionally a sinus has several minute emissaries to a 
myometrial vein. 


TRANSITIONS FROM PRoGRAVID To IscHEMIc PHASE 


B316. This specimen was obtained on day 29 of a 
February cycle. Previous cycles recorded were 37, 27, 
28, and 26 days; the preceding (January) cycle had 
probably been ovulatory. The sex skin brightened on 
day 8 of the following cycle, and the right ovary en- 


larged. Laparotomy on day 28 showed a large corpus 
luteum on the right, and the injection was done on the 
following day. Whether the operation contributed to 
the degeneration present in the corpus luteum cannot be 
said. 

The endometrium shows evidences of regression. It 
had reached 6.8 mm. on the ventral wall, 4.6 mm. on the 
dorsal. The surface is pitted with deep, wide gland 
mouths; the surface epithelium is tall and pseudostrati- 
fied (24 to 32 microns tall). The glands are wide, 
crowded, and sinuous in zone II, sacculated in zones III 
and IV, their cells of the low, wide progravid type even 
in some glands adjoining the muscle. No mitoses were 
found. Zone II comprises only 45 per cent of the thickness 
of the mucosa, and has numerous dense areas; the average 
number of stroma cells per 100 square microns is 144; 
this figure is definitely greater than in the late progravid 
stages. The intense staining of the ground substance 
of zone I also indicates a loss of water. There are neither 
collapsed glands nor infiltration (fig. 52, pl. 12). The 
arteries, however, present indications of regression. 

Arteries. The most contorted arteries resemble the 
artery in figure 32 (pl. 7). The apical rami appear com- 
pressed as they might be if there had been a reduction 
in the thickness of zone II. The proximity of the coiled 
arteries to one another also gives evidence of a reduction 
in the volume of the mucosa. The distance between them 
at the endomyometrial junction is materially less than 
in B325; it ranges from 0.45 to 0.7 mm., the average, 
0.6 mm. Precapillary arterioles are closer to the surface 
than in earlier phases. One vessel 32 microns below the 
epithelium has an outer diameter of 17 microns, a lumen 
of 7 microns. The arterial constrictions one would ex- 
pect at the beginning of regression can be found, but they 
are not common. It is significant, however, that the 
starch, which fills most myometrial arteries, reached very 
few type I endometrial arteries. 

Capillaries. ‘The capillaries applied to the surface 
epithelium are well shown in this specimen; they may 
reach 300 microns in length. The network is loose at 
this level (figs. 272, 5, pl. 6). Although illuminating gas, 
chloral hydrate, and sodium nitrite were used, there are 
circumscribed areas of corpus endometrium in which 
arteries and capillary beds remained uninjected. This 
condition obtains also in other specimens in which there 
were many constricted radial arteries, such as the ovula- 
tion stage B323 and the early menstruating stages B3r7, 
B14, and B313. The deeper capillary beds are loosely 
spread out in the narrow septa between the crowded 
glands. 

Veins. In most areas the veins are well injected, even 
where no mass entered the arteries and capillaries. Since 
the entire vasculature of the myometrium is injected, the 
endometrial veins were presumably filled by retrograde 
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flow from it. Such flow is demonstrated, as in B325, by 
the partial filling of endometrial veins with ink from 
myometrial veins that had been filled by hypodermic 
needle injection from the broad ligament. In this uterus, 
as in B325, there are straight radial veins that reach 
zone III, sometimes without tributaries. They are 
straight, despite the evidence of regression of the endo- 
metrium indicated by the sinuous glands and contorted 
apical rami of the coiled arteries. Apparently the veins 
adjust to gradual changes in thickness of the endo- 
metrium (see p. 177) as also during menstruation. This 
is in harmony with the relatively rapid changes observed 
by Markee (1940) in the sinuses. The sinuses here are 
almost entirely in zone IV, or at its boundary with zone 
III. Emissaries are slim, in general, and empty into a 
network of venules in the inner zone of the myometrium. 

B318. This specimen was obtained in February, 42 
days after the last menstrual period. The three previous 
cycles had been 23, 22, and 22 days in length. An en- 
largement of the right ovary was noted on day 8 of the 
January cycle. The expected period did not appear, and 
on day 26 the same ovary was again enlarged. Palpation 
indicated ovulation between days 29 and 30, and 11 to 12 
days later a mature corpus luteum with degenerating 
cells was found on the right (Rossman and Bartelmez, 
1946). Beside it is a corpus aberrans of about 8 weeks. 

The endometrium reaches 5.0 mm. in thickness; half 
of it is zone I. The surface epithelium is pseudo- 
stratified, but only 16 to 22 microns in height. The 
glands are straight or sinuous, crowded in zone IV. Many 
are widely dilated, especially in zone III; their cells are of 
the low, broad, late progravid type. Such cells are pres- 
ent even in some glands of zone IV where the epithelium 
is, for the most part, tall and pseudostratified, and mitoses 
reach 0.5 per cent. The stroma of zone II is dense as 
compared with the late progravid specimens. ‘The 
average is 129 cells per 100 square microns, with areas 
ranging from 119 to 169 cells. In view of the findings in 
the corpus luteum, this points to the onset of regression, 
as do the arterial constrictions and the thick myometrium 
(table 1, p. 176). 

Arteries. Few endometrial arteries were injected. The 
form of type I is, in general, simpler than in any of the 
other progravid endometria; none are more coiled than 
the artery in figure 20 (pl. 4), and many are sinuous, 
like the arteries of figure 30 (pl. 7). In thin sections the 
arterial fields are inconspicuous, because the stroma about 
the coils is loose. The typical coarse collagenic fibers 
are present, however. In zone III, where the coiling is 
the greatest, the fields do not exceed 166 microns in diam- 
eter. The distance between them averages 0.77 mm. 
(see p. 176). One of the largest has a diameter of 62 
microns at the endomyometrial junction, with a lumen 
of 21.4 microns, which narrows to 7.3 microns in the 


radial artery. Constrictions occlude some type I arteries 
in zone IV. Starch entered very few radial arteries of the 
corpus and the fundus, and the numerous constrictions 
are doubtless responsible for the irregular distribution of 
injected areas. Other myometrial arteries and those of 
the stratum vasculare were dilated by injection mass, as 
in B319 (p. 161). The apical rami are unusually narrow, 
and precapillary arterioles, which can be followed close 
to the surface, often have only a virtual lumen (see 
p- 164). 

Capillaries. The superficial net is better injected than 
the others. Zone I has been as completely vascularized 
as it is in figures 27a and b (pl. 6), and the mesh is 
similarly wide. The capillary beds of the myometrium 
are well injected, especially between the stratum vasculare 
and the peritoneum. 

Veins. Straight radial veins may extend to zone III 
without tributaries, and the usual venous network is 
present, but so many veins remained uninjected that the 
picture is incomplete. Sinuses are present in zones III 
and IV; their emissaries may be broad or narrow. 


IscHEemic PHasE 


Brr5. This endometrium has been described and il- 
lustrated by Daron (1936) and Bartelmez et al. (1951). 
It was obtained on day 30 of the November-December 
cycle and injected intravitally with colloidal HgS. Corner 
found early regression in the corpus luteum. The ir- 
regularly wrinkled form of the glands in contrast to the 


widely dilated glands of the late progravid phase, the 


denser stroma, and the narrower zone IJ, which comprises 
but 43 per cent of the thickness of the mucosa, all indi- 
cate the onset of collapse. Daron’s (1936) figure 5 of a 
typical large coiled artery shows extreme contortion 
superficially, such as Markee (1940) observed in progress 
during regression. This contortion and the crowding of 
the arteries, separated by 0.46 mm. on the average, are 
in harmony with the interpretation of the early ischemic 
phase. The apical ramus in Daron’s figure extends to 
within 0.5 mm. of the surface. Precapillary arterioles are 
present in zone I, which is still somewhat edematous 
near the mid-line of the corpus, that is, in the midst of 
the prospective placental site. Long capillaries are closely 
applied to the surface epithelium, as in figures 272 and b 
(pl. 6). 


Ovutatory MENsTRUATION 


B317. ‘This uterus came from an animal on day 1 
after a 51-day ovulatory cycle in December-January. It 
was obtained early enough in the menstrual phase so 
that there are still areas that have all the features of the 
ischemic phase. The largest of these areas is a band 7 to 
8 mm. wide at the inferior end of the corpus where the 
glands and vessels slope toward the fundus. 

Ischemic area. The endometrium varies from 3.2 to 
4.7 mm. The surface is intact, and no vessels have rup- 
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tured (see Bartelmez, 1956, fig. 1). The glands are 
crowded and deeply wrinkled, which condition can be 
correlated with the broad progravid gland cells. In zone 
II, the lumina are narrow, gradually widening basally. 
Evidences of secretory activity are present everywhere, 
including zone IV, the cells having responded, though 
tardily, to hormonal stimuli. There is no visible ground 
substance in the stroma, which is infiltrated with lympho- 
cytes. The number of cells per 100 square microns 
reaches 200 plus 40 wandering cells in zone II, which is 
narrower than in the progravid phase, constituting 40 per 
cent of the thickness. 

Arteries. Figure 33 (pl. 8) presents a typical coiled 
artery of this area. The arterial fields are narrow, for 
they occupy the interglandular septa, which presumably 
shrank during involution. The arteries and their branches 
out to the precapillary arterioles are filled with the injec- 
tion mass. Nearer the isthmus, the arteries become 
smaller and sinuous. The constriction near the endo- 
myometrial junction in figure 33 (pl. 8) is short and not 
as slim as that of a neighbor, the lumen of which narrows 
from 10 to 5 microns and then to 1.5 microns. 

Capillaries. The capillary beds are fairly well injected. 
The superficial net differs from that of the late progravid 
phase in three respects: The long capillaries applied to 
the surface epithelium are no longer visible. They ap- 
pear to have been collapsed except for minute spurs 
projecting from the superficial loops (arrow in fig. 354, 
pl. 9), which are separated by a zone of dense stroma 
from the surface epithelium. As might be expected from 
the presence of constrictions in the coiled arteries, the 
precapillary arterioles and adjoining capillaries are nar- 
row. On the other hand, the venous capillaries and 
venules are wide, so that under low magnification they 
dominate the picture. This is Markee’s (1940) premen- 
strual venous congestion. Finally, the capillary meshes 
are narrower than in the progravid phase, owing, it 
would seem, to the disappearance of edema fluid (cf. 
figs. 26a, b, pl. 6; fig. 352, pl. 9). Deeper in the mucous 
membrane, the capillary beds are like those of the 
bleeding areas (figs. 35¢, d, e, pl. 9). 

Veins. The dilated venules near the surface are char- 
acteristic of the venous congestion. The one shown in 
figure 33 (pl. 8) is exceptionally long. Such vessels are 
almost always flattened, no wider than capillaries when 
viewed on edge. The deeper veins are inconspicuous 
(fig. 33, pl. 8). There is an occasional radial vein that 
passes to zone IV without tributaries. These are not 
wide but straight, and may represent recently developed 
highways through the venous net. Sinuses are practically 
absent, and the emissaries to the myometrium are very 
slim. 

Menstruating areas. Where the surface is still intact, 
the mucosa reaches 5.0 mm., and the hemorrhagic zone 


constitutes 18 to 38 per cent of the total thickness (see also 
fig. 34, pl. 8). The fissures, which initiate sloughing, are 
present in several spots, and their depth shows the extent 
of the slough (fig. 53, pl. 13). There is no evidence of 
any subsequent massive loss of tissue (Markee, 1940), so 
that a part of zone II persists throughout menstruation, 
gradually shrinking and dedifferentiating. In the hemor- 
rhagic zone, little can be recognized except blood and 
the more or less necrobiotic ends of the arteries, which 
are often dilated with packed red blood corpuscles. 
Although bleeding arteries are to be expected at so 
early a stage in menstruation, the carmine gelatin was 
extravasated from arterioles in only one small area. 

A comparison of figures 33 and 34 (pl. 8) shows the 
increased contortion of the coiled arteries deeper in zone 
II, and indicates continued involution. There are no 
starch grains in the coiled arteries or in the corresponding 
radial arteries, owing, no doubt, to their constrictions. 
Carmine gelatin did enter all type I arteries, so that the 
number in the series could be counted (see p. 173). 
Among 165, there were 51 in which the plane of section 
was favorable for establishing the connection with the 
radial arteries and which had constrictions included 
within single sections. At the constrictions the lumina 
range from 2.2 to 10 microns; the adjoining segments are 
at least 10 times wider. Most constrictions are short, 
unlike the long “contraction cones” observed by Daron 
(1932) in uteri frozen rapidly while the blood was cir- 
culating. The difference is due, in part, to the use of 
vasodilators in the postvital injections. Further evidence 
that the constrictions were not produced by myometrial 
contractions is their presence at different levels in 
neighboring vessels (Bartelmez, 1956). 

The transitional arteries are more or less coiled; the 
type II arteries are usually sinuous, but some are straight. 

Capillaries. In some areas, precapillary arterioles and 
capillary beds close to the hemorrhagic zone are well 
injected (fig. 35¢, pl. 9). Where they stretched out in 
the slim septa of interglandular stroma, the network 
can be visualized only on the surface of a tangentially 
cut gland, as in figure 35¢ (pl. 9), where the meshes are 
actually narrower than the figure indicates, since some 
vessels were omitted for the sake of clarity and the sec- 
tion is only half as thick as those from which figures 354 
and & (pl. 9) were taken. Capillary loops are sometimes 
enclosed within a wrinkle of a collapsed gland, but there 
is no evidence of the widespread association of epithelium 
and capillary, such as characterizes the surface epithelium 
of the progravid phase (figs. 27a, d, pl. 6). 

Veins. Only the venous net is usually present, but 
radial veins extending to zone III may occur in denuded 
areas and are sometimes more prominent than the ve- 
nous network. They are straight, although other struc- 
tures are distorted by the thinning of the endometrium. 
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The veins, in general, are wider than in the ischemic 
area. Some venules can be followed into the hemor- 
rhagic zone, the end surrounded by extravasated injec- 
tion mass. In denuded areas they open to the surface. 

B314. The specimen was obtained on April 7, 47 days 
after the last menstrual period. During the last cycle, 
palpations and the color of the sex skin indicated a long 
postmenstrual period of ovarian quiescence and a 5- to 
6-day premenstrual ischemic phase (Rossman and Bartel- 
mez, 1946, case 1). Beside the recent corpus luteum, 
there is an old corpus aberrans (Rossman, 1942). 

It would be difficult to find two endometria in the 
same stage of the cycle that differ more in appearance 
than B314 and B317. On the basis of the endometrium 
alone, B314 would be diagnosed as “anovulatory men- 
struation.” However, the corpora lutea in the two cases 
are essentially similar—“early menstrual degeneration” 
(G. W. Corner). The long ischemic phase in B314 would 
explain the extensive involution of the endometrium. It 
is 2.5 mm. thick in the fundus, where menstrual changes 
are least advanced, and the surface epithelium is intact; 
the glands are wider, and about the ostium tubae there 
is no extravasation. In the corpus the surface is denuded, 
and the thickness is 2.2 mm. or less. Some slough is still 
in situ at the inferior end of the corpus. Despite the 
thinning-out of the mucosa as a whole, the glands are, in 
general, perpendicular to the surface, and sinuous, with 
narrow lumina that widen in zone IV. The greater 
thickness of the mucosa where the glands are dilated 
indicates that the extrusion of secretion and the reduc- 
tion in volume of the gland cells are involved in the 
involution. The latter explains the absence of wrin- 
kling in the glands (fig. 54, pl. 13). The stroma of zone 
II is typically dense, with 264 stroma cells plus 30 wan- 
dering cells per 100 square microns. Denuded areas have 
a superficial hemorrhagic zone with pycnotic nuclei. The 
wider spacing of the glands identifies zone II, which 
constitutes from 20 to 30 per cent of the thickness. 

Arteries. ‘The arteries give evidence of a general re- 
duction in the volume of the endometrium in areas 
where there has been little loss of tissue. The presence of 
the characteristic apical branches of type I arteries shows 
that only part of zone II had been sloughed. They are 
contorted or sinuous not only superficially but in all 
zones (fig. 54, pl. 13). The crowding of the type I ar- 
teries also provides evidence of involution. The distance 
between them in 37 measurements ranges from 0.33 to 
0.42 mm., with an average of 0.38 mm. There is the 
usual variability in the form of type I arteries. They 
may be as simple as that in figure 38 (pl. 10). All are 
sealed at the surface, so that there was no escape of in- 
jection mass. In an area of the corpus, none of it reached 
the endometrial arteries of either uterine wall, owing to 
the constriction of a major ramus of the uterine artery in 


the stratum vasculare. The myometrial arteries are, ac- 
cordingly, narrow in this area. Elsewhere, there are the 
typical local constrictions of the radial arteries. Some are 
over 1 mm. in length with a starch grain or two trapped 
in them. 

Capillaries. Throughout zone II there are some in- 
jected capillary beds, even close to the pycnotic zone. 
This finding is significant in view of Markee’s (1940) 
observation that the superficial circulation is promptly 
restored after the ends of the type I arteries are sealed 
following the initial hemorrhage. As a rule, however, 
but few capillary branches of terminal arterioles are in- 
jected, so that the capillary beds are not complete. The 
condensation of the interglandular septa in zones III 
and IV makes the analysis of capillary beds difficult in 
the necessarily thick sections. Figure 36 (pl. 9) shows 
the narrow mesh of a spot in zone III. 

Veins. The prominence of the veins, like various other 
features, contrasts with the preceding specimen. All the 
veins seem to have been injected. At the center of the 
corpus, there is an area where radial veins extend to zone 
III with few tributaries. They are sometimes dilated. 
Since all their afferent superficial net was sloughed, they 
offer good illustrations of retrograde injection. The cali- 
ber of the veins that constitute the venous net is extremely 
variable (fig. 38, pl. 10). The sinuses, in general, are 
flattened, as in B317. They occur chiefly at the junctions 
of the zones, although there are a few in zone II. All the 
emissaries to the myometrium are slim. 

B3r3. In this specimen, a flow began either on April 2 
or probably on April 3, 31 (or 30) days after the previous 
period. The February cycle was a 35-day one; that in 
January was 23 days. The diagnosis of the age of the 
luteum is “degeneration as of the 2d day” (G. W. 
Corner). Sclerotic arteries and hemophages mark 
former placental sites. 

The uterine lumen was dilated with the discharge. 
The endometrium ranges from 1.8 mm. in denuded 
areas to 3.0 mm. where the slough is still zm situ. The 
surface is, for the most part, denuded. The hemorrhagic 
zone varies from 9 to 23 per cent of the thickness. As in 
the preceding specimen, the glands are sinuous, their 
cells highly involuted. The wider interglandular spaces 
indicate zone II, which, with the hemorrhagic zone, 
comprises about half of the mucosa. The stroma of the 
hemorrhagic zone reaches 250 cells per 100 square mi- 
crons, and deeper in zone II there are as many as 190. 
In corpus and fundus the injected carmine diffused from 
the vessels into the superficial 14 of the endometrium. 
Since this type of diffusion did not occur in other regions, 
it may be an indication of vascular injury in regions 
where gland and stroma cells as well as vessel walls ap- 
pear normal histologically. It is interesting that the only 
other endometrium in which our colloidal carmine 
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diffused from blood vessels was also one with many con- 
stricted radial arteries (see B323, p. 161). 

Arteries. Figure 39h (pl. 10) presents a characteristic 
coiled artery. The presence of terminal rami identifies 
zone II, and the compressed appearance of the coils 
documents the extreme reduction at this level. The 
stretching of the mucous membrane involved in the dila- 
tation of the lumen presumably contributes to this as, 
indeed, to the thinning of the entire mucosa. The ar- 
teries of this uterus stand out especially clearly, for starch 
grains entered most of them. All the radial arteries that 
could be followed to coiled arteries have constrictions. 
The proximity of the constriction to a well dilated vein 
demonstrates its independence of a possible local con- 
traction in the myometrium, such as would assuredly 
have compressed the thin-walled vein. Constrictions at 
different levels in adjacent arteries (Bartelmez, 1956) 
also show the individuality of the arterial reactions. This 
specimen is favorable for measurements of the media of 
the arteries. The measurements of a typical radial artery 
are as follows: the outer diameter of the media is 48 
microns where the lumen is 26 microns, and 30 microns 
where the lumen is 2.9 microns. We are dealing, then, 
with a local elongation of the vessel, not with a thicken- 
ing of the entire vessel wall. 

The distance between adjacent type I arteries averages 
0.5 mm., with a range of 0.3 to 0.6 mm. This is somewhat 
greater than in B314, where the stroma is denser. An- 
other factor may be involved, viz. the stretching of the 
endometrium, for the uterine lumen is dilated with ac- 
cumulated menstrual discharge (see p. 171, end). Transi- 
tional and type II arteries are illustrated in figure 392 
(pl. 10). The latter are sinuous or directed obliquely, 
an indication of involution in zone IV. 

Capillaries. In the myometrium the capillary beds are 
well injected, but they usually appear fragmentary in the 
endometrium, partly because of the shrinkage of the 
dilute gelatin of the transparent carmine injection mass. 
It often becomes so tenuous that it cannot be followed in 
the capillaries through the thick sections. Where the 
capillaries can be followed, the mesh resembles that in 
figures 35¢ to e (pl. 9g). In zone IV it is wider than it is 
more superficially. 

Veins. The injection of the veins is uniformly good 
(fig. 390, pl. 10). The carmine gelatin was extravasated 
from many of them into the hemorrhagic zone and often 
into the uterine lumen. The larger endometrial veins 
are usually flattened. No starch grain was found in any 
vein or sinus. Most sinuses are in zone IV; with their 
long, dilated tributaries, they often dominate the field 
(fig. 61, pl. 15). Emissaries to the myometrium are com- 
mon; some are wide channels, others are slim vessels, 
sometimes grouped. 


ANOVULATORY MENSTRUATION 


B312. This fully mature animal was killed on April 29 
at the onset of menstruation, following an anovulatory 
cycle. Blood was not visible externally, but was found 
microscopically in the lavage. Recorded cycles between 
October and April were 23, 24, 22, 27, 42, 37, and 23 days 
in length. There was an old corpus aberrans on the right, 
two “objects” on the left, probably very old corpora lutea. 

There are several stages in the process of menstruation 
in the corpus, as is usually found to be the case in early 
stages of menstruation when entire uteri are surveyed. 
In this specimen, six distinct areas can be recognized in 
the sagittal series. The band of obliquely directed glands 
adjoining the isthmus has an intact epithelium and no 
extravasated blood. It is 1.3 mm. thick, and the capillary 
beds are well injected. Adjacent to it is an area measur- 
ing 1.9 mm. where the surface is also intact, but the 
superficial 14 is hemorrhagic and disorganized. A narrow 
band where sloughing had occurred separates it from 
another intact area 2.3 mm. thick. Near the mid-line, 
this band has blood extravasated in the superficial 14, 
but laterally bleeding had not yet begun. Between it and 
the fundus is another denuded spot; the fundus has sur- 
face epithelium except for small defects here and there. 
The hemorrhagic zone is 92 microns wide. The glands 
are sinuous or straight, their cells low and narrow. The 
stroma is typically dense throughout. The circumscribed 
bleeding areas resemble those described by Jones and 
Brewer (1939) in human deciduae verae associated with 
ectopic pregnancies. 

Arteries. The type I arteries are narrow and simple in 
form; few are as contorted as the artery at the right in 
figure 40 (pl. 102). The superficial rami of many were 
injected even in areas where sloughing had occurred. 
Arterioles extend to within 150 microns of the surface, 
and precapillary arterioles can be recognized in the 
hemorrhagic zone. No starch grains were extravasated. 
The vessel at the left in figure 4o (pl. 10a) is of the transi- 
tional type, and its sinuous form indicates that there had 
been little or no involution in zone IV. Constrictions 
may occur in zone IV and are present in many radial 
arteries, but the plane of section is seldom favorable for 
demonstrating their connection with type I arteries. 
Starch grains and prussian blue were found in a greatly 
dilated vessel near the stratum vasculare. Under low 
powers, it appeared to be a vein with a lumen 150 microns 
wide and media 25 microns thick. It connected not with 
any veins but with one of the large arteries of the stratum 
vasculare. Some starch entered all the arteries, and so they 
contrast strongly with the prussian blue-filled veins. This 
specimen would accordingly have been in a favorable 
stage for the demonstration of arteriovenous anastomoses, 
if there had been any to demonstrate. 

Capillaries. There are injected fragments of capillary 
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beds in all zones, but few are complete. The diameter of 
the capillaries is 4 microns or less. In other phases of the 
cycle, the endometrium is clearly differentiated from the 
myometrium by its richer capillary beds. The lack of 
such differentiation in this specimen, and in some other 
menstruating ones, indicates the enfeebled endometrial 
circulation. Long capillaries can be found, especially 
near, but not at, the surface. One extended parallel 
to the surface for 287 microns in an area with intact 
epithelium. 

Veins. Figure 40 (pl. 10a) gives an indication of the 
irregular dilated venous net, which is the dominating 
feature of the corpus. In the fundus, radially directed 
veins are more common. The prussian blue, which was 
extravasated onto the surface, came almost entirely from 
veins, although at so early a stage of menstruation one 
would expect to find many bleeding arteries. The sinuses, 
with rare exceptions, are in zone IV (fig. 40, pl. 102). The 
emissaries to the myometrium are usually minute; few 
are as wide as the one shown in the figure. 

B332. The specimen was obtained on the 2d day of 
bleeding in April. The preceding March-April cycle was 
22 days in length, and anovulatory. The March and 
February cycles of 24 and 26 days’ duration, respectively, 
had been ovulatory, as indicated by the corresponding 
corpora lutea. 

The endometrium of the dorsal wall measures 2.4 mm.; 
of the ventral wall, 29 mm. The distribution of the 
glands, the greater activity of the gland cells in zones II 
and III where, in addition, the reticulum is fragmented 
or absent, and the coarse connective-tissue fibers of zone 
IV clearly define the zones. On the dorsal wall the 
original surface epithelium is still present in spots, and 
the disorganized zone involves up to 12 per cent of the 
thickness. The gland cells of zone II are low and nar- 
row. In a count of 1725 cells, there were 0.8 per cent 
mitoses, all in early prophase, with intact nuclear mem- 
branes. Zone II comprises about 46 per cent and zone IV 
about 45 per cent of the mucosa. In zone II, the cell 
population reaches 214 cells per 100 square microns; in 
zone IV, it is 143 cells. No stroma cell mitoses were 
found. 

Arteries. Figure 41b (pl. roa) shows a coiled artery 
typical of the corpus. The dilated, tortuous segment ex- 
tends into zone II, occasionally to within 0.46 mm. of the 
surface. Some of these type I arteries have branches in 
zone IV. Terminal rami are well injected only in the 
fundus and near the isthmus where little or no tissue 
had been lost; elsewhere, their lumina are virtual. Al- 
though injection mass reached but few superficial rami 
of the corpus, constrictions in radial arteries are rare (fig. 
56, pl. 14). When present, they are close to the stratum 
vasculare. There was, however, no extravasation of ink, 
since most superficial branches of the type I arteries are 
constricted (see p. 175, end). 


The dorsal and ventral walls differ in thickness and 
also in the distance between the type I arteries. In the 
thicker dorsal wall the range is 0.52 to 0.66 mm., with 
an average of 0.6; in the ventral wall, which may have 
been thinner because it was more distended, the range is 
0.51 to 0.79, the average 0.65 mm. (see table 1, p. 176). 

The vessel at the left in figure 410 (pl. 102) is probably 
a small type I artery, and so may be that in figure 41a 
also. In the fundus no arteries are more contorted than 
these two. The radial artery in figure 41c (pl. 102) with 
its tuft of myometrial and basal arteries is of an unusual 
type. 

Capillaries. In the fundus, where the surface is still 
intact, the injection is complete. In most of the corpus 
the capillary beds, like the arterioles, remained unin- 
jected. Near the isthmus, where there has been little 
loss except for the surface epithelium, capillary beds also 
are more complete. Figure 37¢ (pl. 9) shows a tangential 
section of such a field. The capillaries are spread out 
among the loose coils of an artery in zone II. An ar- 
teriole (solid black) breaks up into capillaries. Like the 
venous capillaries below, they appear stretched in the 
sagittal plane. Figure 60 (pl. 14) is from zone IV of the 
same area; the network here is largely in a single optical 
plane so that it could be photographed. In both fields 
the mesh is of the narrow menstrual type. 

Veins. The network of veins is injected throughout 
the endometrium. The vein at the left in figure 41a 
(pl. 10) corresponds to the radial veins of other phases. 
Great sinuses in the corpus are outstanding features; 
some may be spread through the entire thickness of the 
mucosa (fig. 62, pl. 15). There are also long chains of 
sinuses in zone IV, which extend in the sagittal plane. 
In the fundus, where the vascular bed is completely in- 
jected, only one such sinus was found. Many venules 
reach the disorganized zone, and injection mass was 
extravasated from them and onto the surface. Emissaries 
to the myometrium are common. They may be large 
vessels that can be followed to the stratum vasculare, or 
they may be slim; sometimes a group of them drains a 
sinus. 

B331. Day 4 of menstruation. The specimen was ob- 
tained in April after a 50-day anovulatory cycle in which 
the flow had continued for 8 days. Each ovary contained 
a single old corpus luteum. When the animal was killed, 
the bleeding had become microscopic. The average dura- 
tion of the flow in the four preceding cycles was 6 days. 
The endometrium shows no signs of the phase of repair. 

The lumen of the uterus was dilated with the dis- 
charge. The denuded mucosa measures 1 mm. or less. 
The endomyometrial boundary is very irregular, owing 
to interdigitation. The glands are sparse, straight, or 
slightly sinuous with low slim cells. The disorganized 
zone comprises 5 per cent of the endometrium and has 
263 stroma cells per 100 square microns; about r per cent 
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of them are obviously degenerating. Those bordering 
the uterine lumen appear normal. There is no sign of 
resurfacing. In a survey of 2070 gland cells in five sec- 
tions, only two early prophases were found. None were 
seen in either stroma or blood vessels. There is little ex- 
travasated blood, and wandering cells are uncommon. 
In zone IV, the average number of stroma cells is 116 per 
unit area. 

Arteries. Practically all the type I arteries are as simple 
as those in figure 42a and 5 (pl. 10). A little injection 
mass was extravasated into the disorganized zone in 
some instances, that is, the ends were sealed in most of 
them. Occasionally there is an artery with branches to 
all levels of the endometrium. No constrictions were 
found in them or in the radial arteries (fig. 57, pl. 14). 

Capillaries. The well injected capillary beds suggest 
the resumption of the circulation, and many capillaries 
have extravasated injection mass into the superficial 
zone. The fact that the capillary mesh is much coarser 
than in early menstruation (see fig. 42a, pl. 10, at right) 
may be due to the collapse of some, or it may be that not 
all capillaries survive the menstrual ischemia; the absence 
of gaps in the network indicates that incomplete filling is 
not the cause. 

Veins. The dilated veins are as striking a feature as in 
the preceding endometrium. As in other phases, they 
may be found at all levels. Unique are the dilated veins 
that may extend for several millimeters parallel to the 
surface in the superficial 14 of the endometrium; some 
are large enough to be called sinuses. They are probably 
not artifacts of the injection technique, for they occur in 
some uninjected material of late menstrual stages. 

B335. Day 6 of menstruation. This animal was nurs- 
ing when received in March. In April there was a 6-day 


flow, and 35 days later another flow appeared. When 
killed 6 days later, it still had some blood in the vagina. 
The right ovary had only the corpus luteum of the recent 
pregnancy; only one very old corpus luteum was present 
on the left. 

The uterine lumen is widely dilated, the mucosa 1 mm. 
or less in thickness. The ends of glands project from the 
denuded surface. In a few minute areas, cells about 7 
microns tall extend out over the surface from gland 
mouths. The glands are straight or sinuous, sometimes 
dilated with secretion. Their cells are low and slim. In 
the disorganized zone, 276 normal stroma cells, 52 cells 
with wrinkled, pycnotic nuclei, and 24 red blood cor- 
puscles were counted in 100 square microns. Nearer the 
myometrium there were 132 normal and g pycnotic cells. 
No mitoses were found in stroma cells; a few early 
prophases, in the glands. 

Arteries. The injection is very uneven. The arterial 
trunks of the stratum vasculare are dilated, but starch 
entered only a few radial arteries. Many are narrow 
through the myometrium. Very few radial and coiled 
arteries are dilated with the injection mass. The latter 
are mostly simply coiled, but a few are as contorted as 
the one in figure 1 (pl. 1). Only an occasional type II 
artery was injected. 

Capillaries. The only capillary beds injected are in the 
fundus, where they extend to the disorganized zone. The 
mesh is irregular and narrow. 

Veins. The venous pattern cannot be made out, as 
only the great sinuses can be followed. Most of them 
are near the endomyometrial junction; none were found 
near the surface. Some large emissaries can be followed 
to the stratum vasculare. 


DISCUSSION 


ENDOMETRIAL ARTERIES 


Types. The two types of endometrial arteries recog- 
nized by Daron (1936) are distinguished fundamentally 
by the capillary beds they supply. The superficial 4 
to ¥% is supplied only by his type I, the “coiled” artery. 
The rest of the mucous membrane is supplied by: (1) 
branches of type I when present, (2) small “basal” ar- 
teries (type IT), and (3) vessels transitional between these 
two. Markee (1940) originally called attention to transi- 
tions of this sort. When an entire uterus is surveyed, it 
is obvious that the type I arteries vary greatly in form 
and size (pls. 1, 4, 5, 7, 8, and 10). They may be elabo- 
rately or simply coiled, or merely sinuous. Sometimes 
the lumen is exceptionally wide or the coiling is more 
complex or looser; that is, the “arterial fields” are wider. 
When neighboring vessels in the paramedian corpus 
(prospective placental sites) exhibit such differences in 
form and size (figs. 482, b, and 518, ¢, pl. 12), it is ap- 
parent that individual vessels have varied in their re- 
sponse to the hormonal stimuli. Some arteries respond 


sooner than others to such changes (Markee, 1940, and 
observations on the ischemic phase, pp. 166-167). They 
account for the different stages of menstruation in dif- 
ferent regions of the same uterus, such as have been 
described both in Homo and in rhesus (see Bartelmez, 
1933, p- 146).° Some vessels resemble in form the simpler 
type I arteries, but do not reach the surface (fig. 6a, pl. 1). 
Others confined to zone IV are intermediate between 
these and the small type II arteries (figs. 4a, 7, pl. 1; 
figs. 15, 16, pl. 3). It is possible, in other words, to find a 
series of transitions between types I and II. This varia- 
bility must be taken into account in any significant dis- 


8 Such differential responses to hormones are obvious in dif- 
ferent regions of the endometrium. The potential placental sites 
show greater changes than the limbus between dorsal and ventral 
walls (“lateral angles of uterine cavity” and “depths of fundus”). 
These regions and also the transitional band between isthmus 
and corpus are tardy in reacting to hormonal stimuli. The gland 
cells of zone IV respond late or not at all to the secretory stimuli 
of the progravid phase (Bartelmez et al., 1951). The latter differ- 
ences may be due to the rate at which the blood flows through 
this zone since the vascular rhythm is absent. 
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cussion of endometrial arteries. It necessarily involves 
surveys of serial sections through prospective placental 
sites at least. 

The transitions between types I and II arteries vary 
greatly in form and in the extent to which they supply 
the same deep capillary beds as the type I (“coiled”) 
arteries. An endometrial zone supplied exclusively by a 
type I artery is usually so severely injured by the ischemia 
that results from the premenstrual constriction that it is 
sloughed during menstruation. A zone supplied by both 
a type I and a transitional artery which does not con- 
strict will not be seriously injured and will not be shed. 
Differences in the relations of these arteries would ac- 
count for the variations in the width of the slough in 
various areas of an endometrium and in different endo- 
metria. If, furthermore, the entire capillary bed supplied 
by a type I artery were to suffer extravasation, that part 
which also receives blood from the transitional vessel 
might not be shed. This is suggested by the frequent oc- 
currence of extravasated blood superficially at the end of 
menstruation and during repair. Such red blood cor- 
puscles are usually crenated or distorted, and they are 
covered by the epithelium as it migrates from the gland 
mouths. 

Endometrial arteries exhibit two types of branch- 
ing: apical elm-tree-like branching and diffuse bushlike 
branching. Type I usually has a terminal crown of 
branches, few or none arising from the trunk (fig. 1, 
pl. 1; figs. 18, 20, pl. 4). The trunk may divide abruptly 
into several large rami, as in figure 21 (pl. 5). Rarely, 
there are two major trunks, as at the right in figure 49 
(pl. 12). On the other hand, some, especially in the 
follicular phase, have branches at all levels (fig. 14, pl. 3). 
This is the usual form of type II and of transitional 
arteries (0 in figs. 4, 5, pl. 1; figs. 15, 16, pl. 3). Tufted 
endings, as 4 in figure 6 (pl. 1), are not rare. Figure 41¢ 
(pl. 102) shows a myometrial artery of this type. 

Number of endometrial arteries. Whenever starch en- 
tered all arteries, the number of these vessels can be 
readily determined by counting them at the endomyo- 
metrial junction. In 200- to 500-micron sections cut per- 
pendicular to the surface, there is little likelihood of 
duplication. The number of type I vessels is necessarily 
underestimated unless they are all followed to the sur- 
face in projection reconstructions. Some preliminary 
counts indicate that more than 2000 arteries of all types 
enter the corpus-fundus area. In an early progravid 
specimen injected intravitally (B239, p. 164), the type I 
arteries were counted in projection drawings of every 
section of a complete series through the corpus-fundus, 
as follows: 


Dorsat VENTRAL 
WALL WALL ToTat type | 
Rarcektypenlaee anne ee 63 58 
214 
Small pO Wocoosoedoouss 38 55 


In a similar specimen injected postvitally, a projection 
reconstruction of one wall showed most of the larger ves- 
sels near the mid-line of the prospective placental site 
(see B309, p. 162). In a third progravid specimen (B307, 
p. 163), the coiled arteries in both walls were counted, and 
315 were found; of these, 198 could be readily traced to 
the surface. A reconstruction will doubtless increase the 
number. 


Factors That Influence the Form of Type I Arteries 


Cyclic changes. During the repair and follicular 
phases, the coiled segments of the type I arteries that 
were at the surface or near it during menstruation are 
found to be progressively farther removed from it. This 
shift was supposed by Bohnen (1927) to be due to the 
growth of new tissue at the surface, as Schréder had con- 
cluded and indicated by his term “proliferative phase.” 
As a matter of fact, mitoses are rare or absent in the 
stroma at this time, nor can they be found in the walls 
of blood vessels. Even in the epithelia they do not be- 
come abundant until late in the follicular phase, by 
which time the coiled segment is usually in the basal 4 
of the endometrium (fig. 7, pl. 1; fig. 14, pl. 3). Schréder 
(1914 and subsequently) and his followers have paid 
little or no attention to the stroma, although Hitschmann 
and Adler (1908) had described and figured cyclic 
changes in it. Later, Bartelmez (1931, 1933) and Phelps 
(1946, 1947) emphasized its importance for the under- 
standing of cyclic changes. The outstanding feature of 
the phase of repair is not cell division but the develop- 
ment of ground substance in the stroma. 

The return of an active circulation toward the end of 
menstruation is indicated by the condition of the radial 
arteries. In figure 56 (pl. 14), some are dilated. In fig- 
ures 57 (pl. 14) and 43 (pl. 11), they are all prominent 
and dilated. As the moiety of zone II, which persisted 
throughout menstruation, becomes thicker, the super- 
ficial ends of the arteries are passively uncoiled (compare 
fig. 1 with fig. 5a, pl. 1; fig. 18, pl. 4; Daron, 1936, fig. 2). 

The dedifferentiation of the arterial walls, which began 
at the end of the menstrual period, continues, and the 
reorganization of zones I and II also plays a part (Bar- 
telmez e¢ al., 1951). These changes are obviously greater 
after ovulatory than after anovulatory menstruation. 
With the rapid expansion of zone II during the follicular 
phase, the apical rami of type I arteries are stretched 
(fig. 7, pl. 1; fig. 18, pl. 4), so that the media becomes 
reduced to a single rank of more or less discontinuous 
cells. It is not until just before ovulation that mitoses 
can readily be found in type I arteries. The fact that the 
injection was complete in all specimens from the follicu- 
lar phase both in the myometrium and in the endo- 
metrium indicates an especially active circulation. This 
is well shown in figure 45 (pl. 11) from the end of the 
phase. 
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Figure 46 (pl. 11) shows the narrow radial arteries and 
the poorly injected inner myometrium in a specimen 
from the phase of ovulation. In many cycles, Markee 
(1940) observed a mid-cycle cessation of growth, and, 
sometimes, there was a brief regression in the trans- 
plants. B323, obtained a few hours after ovulation, shows 
various evidences of such regression (see p. 161): the 
endometrium is definitely thinner than in the preovula- 
tory cases; the glands are sinuous, and the coils of the 
type I arteries appear compressed (fig. 19, pl. 4). 

During the progravid phase, the apical rami are more 
sinuous in some specimens than in others (fig. 20, pl. 4; 
fig. 21, pl. 5; fig. 31, pl. 7). A preceding postovulatory 
regression may play a role in this variation, for the rate 
at which the ground substance accumulated in zones I 
and II would determine the extent of the uncoiling from 
a condition like that in figure 19 (pl. 4). Attention may 
be called, in this connection, to the group of 6 early pro- 
gravid endometria described by Bartelmez et al. (1951, 
p. 115, and table 4a), in which the stroma of zone II is 
dense as compared to that in 17 others of the same phase. 
The dense group may have been emerging from the 
postovulatory regression. 

In any event, arterial growth is a feature of the pro- 
gravid phase (see p. 162). The rate of growth compared 
with the expansion of the stroma determines the extent 
of coiling superficially. Thus, the apical rami are more 
sinuous in B3o09 (fig. 21, pl. 5) than in B326 (fig. 20, 
pl. 4), also an early progravid specimen. In B239, pro- 
gravid growth throughout the endometrium seems to 
have been rapid, for the endometrium reached 8.5 mm. 
in thickness. Here the apical rami are more contorted 
than in any other progravid specimen (arrow in fig. 50, 
pl. 12). There is further growth of the type I arteries 
during pregnancy (Ramsey, 1949). On the other hand, 
in the late progravid and highly edematous B325 
(p. 165), the increase in length of the arteries was but 
little greater than the expansion of zones I and II (fig. 
Ris (Olly Fo 

In the progravid phase the radial arteries are not 
prominent, as may be seen in figure 51 (pl. 12). This 
figure also shows the change that has occurred in the 
thickness of the endometrium compared with the myo- 
metrium (see table 1, p. 176). At the onset of regression, 
it becomes difficult to inject the inner myometrium and 
the endometrium (see p. 166). The uterus is still large; 
the myometrium is thin (fig. 52, pl. 12). The sinuous 
glands and narrower lumina, in comparison with figure 
51 (pl. 12), indicate involution in zone I. Endometrial 
involution continues before and after extravasation as the 
myometrium thickens (table 1). The coiling of the type 
I arteries increases rapidly, as Markee (1940) was able to 
observe directly in his transplants (figs. 33, 34, pl. 8; fig. 
39, pl. 10; Daron, 1936, fig. 5). When sloughing ensues, 
the contorted ends of the arteries that survive slough- 


ing are at the surface (fig. 59, pl. 14), and they may 
even project beyond it when the surrounding stroma is 
dispersed. During menstruation, the superficial ends show 
degenerative changes, and their component cells, like all 
other endometrial cells, are materially reduced in size. As 
a result, the coiling is found to be looser, especially super- 
ficially. Hartman’s (1932) observations on the contraction 
of the myometrium at this time are visualized in figures 
54 and 55 (pl. 13). During repair, the involution of the 
type I arteries continues. As the circulation is restored, and 
the stroma begins to “loosen” with the reappearance of 
ground substance, the endometrium thickens, and the 
uncoiling of the arteries proceeds more rapidly. These 
changes are more obvious after ovulatory menstruation; 
in the anovulatory type, the tissue loss may be minimal, 
and there may be little more than rehydration of the 
superficial tissues. This was Gebhart’s idea of menstrua- 
tion. 

Effect of preceding cycles on the form of type I arteries. 
When the larger type I arteries in different endometria 
from the same phase of the cycle are compared, striking 
differences may be encountered. They naturally become 
most obvious in the later phases of the cycle. Figures 21 
(pl. 5) and 48 (pl. 12) show characteristic large arteries 
of the early progravid B309. They are similar in B307 
(fig. 49, pl. 12). In B39 (fig. 50, pl. 12), the apical rami 
are more contorted, but the arterial fields are narrower; 
ie., the diameter of the coils is less. Fundamentally, 
however, the arteries are similar in all three. B326 also 
presents a typical early progravid endometrium, but the 
arteries are simple in comparison. The artery in figure 20 
(pl. 4) is as complex as any of them; most are but 
little more coiled than the transitional arteries of fig- 
ure 30 (pl. 7). The history of B326 is as follows: The 
animal was received in December. The 25-day January 
cycle was anovulatory and complicated by a 2 weeks’ 
diarrhea. In February, there was a 20-day postmenstrual 
period of ovarian quiescence followed by an abrupt rise 
in the color of the sex skin. Ovulation probably occurred 
on day 27 of the cycle. The only corpus luteum on the 
right was that of the current cycle. In the other ovary, 
the only “object” seen was an ancient corpus luteum. 
In B309, on the other hand, the ovarian findings indicate 
ovulation in the three preceding cycles. Similar condi- 
tions probably obtained in B307, B330, and B316, al- 
though the histologic data on the ovaries are not so com- 
plete. It would appear, then, that in these three, as in 
B309, the growth of the arteries had been cumulative 
during the previous ovulatory cycles. In B326, on the 
other hand, it would seem that there had been progres- 
sive regression in the arteries during the period of 
ovarian inactivity, and that some type I arteries had at- 
tained the form shown in figure 20 (pl. 4) in the course 
of the final cycle. That such rapid growth may occur 
in a single cycle was demonstrated by Hartman (1944). 
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The events in preceding cycles, however, do not tell 
the whole story. In B324 (see p. 164), the type I arteries 
are no more complex than in B326, at least as far as the 
basal coils are concerned, yet the ovaries contain a series 
of corpora lutea corresponding to the four preceding 
cycles, as was determined by Rossman (1942, fig. 1) in 
his detailed study. The antithesis of this is no. 115 of 
Daron’s series (1936, fig. 5), which comes from the be- 
ginning of the ischemic phase. This endometrium has 
the most highly contorted type I arteries in his series. 
Yet it was obtained at the end of the 1st cycle following 
a 6-months’ amenorrhea. It would seem more probable 
that this vessel had grown rapidly during the final Octo- 
ber-November cycle than that it had remained highly 
contorted during the period of ovarian inactivity char- 
acteristic of the summer months. 

When regression is in full swing at the end of the 
ischemic phase and during menstruation, the coiling is 
increased. The collapse of a vessel like that in figure 34 
(pl. 8) from day 1 into one like that in figure 390 (pl. 10) 
obtained on day 2 (or 3) can readily be accounted for by 
the involution that Markee (1940) observed continuing 
during menstruation. The presence of slough in situ in 
some areas of the 2- to 3-day specimen shows that only 
part of zone II had been lost; the major apical rami indi- 
cate that the entire stem of the vessel is intact; we are 
dealing with more than the basal part of the vessel. 
The sinuous type I arteries of anovulatory cycles neces- 
sarily show less coiling during menstruation, even 
though the degree of involution may be as great as after 
ovulatory cycles (fig. 40, pl. 102). In anovulatory men- 
struation, both complex and simply coiled arteries may 
be present in the same endometrium (figs. 1, 2, 5, c, 
pl. 1). The contorted vessels (see also fig. 410, pl. 102) 
had probably developed during previous ovulatory cycles 
and had not regressed subsequently. 


Constrictions 


Daron’s (1932, 1936) observations on constrictions in 
radial arteries were made upon thick sections of material 
obtained under exceptionally favorable conditions for the 
study of vascular reactions (p. 155). The only uteri in 
which he found many constrictions were from early 
stages of menstruation; they were present in all 4 cases 
that had been preceded by ovulatory cycles, and in 2 of 
the 3 cases of anovulatory menstruation. He describes 
the radial arteries as tapering toward the endometrium 
in the absence of branching (hence “constriction cones”). 
The constrictions are usually long, extending in one 
specimen from the stratum vasculare to the endome- 
trium. The constricted lumen is 7 microns or less in 
diameter and enlarges abruptly at the junction with the 
mucosa. In our postvital injections after vasodilation, 
the constrictions are short, as a rule, and there may be 
two or three in a single vessel. Since starch grains often 


passed through the constrictions, it would seem that the 
cones of Daron had been dilated while the injection was 
in progress and that segments of them reappeared in the 
interim between injection and the arrival of the fixing 
agent. It is of interest, in this connection, that during 
menstruation Hasner (1946) found constrictions in hu- 
man uterine arteries that had probably not been reached 
by the fixative until days after removal of the uterus. 

In a thick section of Daron’s no. 115, which he kindly 
lent the author, the following measurements of a radial 
artery were made with the X60 immersion lens: 


DIAMETER, 
LUMEN cLUDING MEDIA 
(microns) : 
(microns) 
At origin from stratum vasculare.... 23 173 
INeaTae constriction aa eye eer 25 75 
Constrictedgsesment ase meee crE Nee zh 
At endomyometrial junction........ 15 50 


In the material injected postvitally after vasodilation, the 
lumen is 3 to 10 times greater on either side of the 
constrictions, and the diameter, including the media, is 
always less in the constricted segment (see pp. 161, 170, 
and fig. 19, pl. 4). It appears, then, that local elongations 
of the vessels narrow the lumen. Markee’s (1940) ob- 
servations of constrictions in transplants consisting of 
endometrium only show that the coiled arteries of the 
endometrium are as sensitive to hormonal changes as the 
radial arteries. This is corroborated by observations on 
specimens from the ischemic phase. 

In the ischemic phase, constrictions in radial arteries 
are not so common as during menstruation. Daron 
(1936) states that in his no. 115 they are rarely narrower 
than the endometrial arteries. As was noted above, some 
typical constrictions can be found in this specimen. A 
striking feature of this uterus is the complete capillary 
injection of the peritoneal 14 to 44 of the myometrium, 
whereas less HgS reached the endometrium, generally, 
and few capillaries can be recognized (Bartelmez et al, 
1951). In his no. 123, which is on the verge of menstrua- 
tion, Daron finds the caliber of the type I arteries ex- 
tremely variable, and many are dilated superficially. The 
radial arteries are not described. In both our postvitally 
injected uteri from the early ischemic phase, the injec- 
tions are incomplete. In B316 (see p. 166 and fig. 52, 
pl. 12), the injection is very uneven. The myometrium 
is well injected on the whole, and, in some endometrial 
areas, arteries, veins, and capillaries are well filled (figs. 
274, b, 28, pl. 6). Elsewhere, constrictions in radial ar- 
teries and in type I vessels prevented the entrance even of 
carmine gelatin into any endometrial vessels. In addition, 
the apical rami of many coiled arteries remained narrow 
and empty when the rest of the vessel was filled with the 
injection mass. In B318 (see p. 167), many radial arteries, 
especially those supplying the prospective placental sites, 
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were so highly constricted that even the carmine gelatin 
did not enter them. The usual injection procedure in- 
cluding vasodilators had been followed; the arteries of 
the stratum vasculare are dilated, and the myometrium 
between it and the peritoneal surface is well injected, as 
in Daron’s no. 115. In the ischemic areas of B317 (see 
p. 168), constrictions are common in the radial arteries, 
but the type I arteries, veins, and capillary beds are fairly 
well injected. The significance of this behavior of the 
vessels that supply the superficial capillary net is con- 
sidered on page 178. 

Spacing of coiled arteries. When the distance between 
the coiled arteries of an endometrium is estimated in a 
series of thick sections, it appears that the various speci- 
mens from a particular phase of the cycle are similar 


reach the maximum. The endomyometrial ratio shows 
that, as the uterus enlarges, the myometrium thins out 
and the endometrium thickens. With the shrinkage of 
the endometrium in the ischemic phase, the arteries are 
brought closer together; this mutual approach continues 
through the phase of menstruation, at least until the 
uterus becomes dilated with the accumulated menstrual 
discharge. 


Capittary BEps 


Superficial net. The superficial net is a distinctive fea- 
ture of the endometrium, and is presumably of physio- 
logical importance. Like the rest of the superficial capil- 
lary bed, it is supplied entirely by type I arteries, and its 
blood flow changes with the varying responses of these 


TABLE 1 
SPACING OF TYPE I ARTERIES IN RELATION TO PHASE OF CYCLE AND UTERUS AS A WHOLE 
Number Average distance Number of stroma cells Ratio * 
of Phase of cycle between arteries per 100 square microns endometrium 
specimen (mm.) in zone II myometrium 
B34 Ur reriiatyr eee lc waa Repair-follicular 0.45 136 8 wandering cells 0.38 
Bas 8 pa ee reales Late follicular 0.62 30-61 0.83 
BSL OMe Eee anen Senne Abate Ns Ovulation 0.53 113-154 0.72 
B SOO epee tS Pebtd, eee Early progravid 1.08 68-126 1.13 
B32 Deen Mec er cease ON Late progravid Ts} 68-99 233 
BETO A poate Hig eted ha silat wigs Transition to ischemic 0.6 124-155 2.5 
IERIE cme aisias wena beste ous er Early ischemic 0.7 119-169 0.73 
1 ESHILVAS PNR HH coh ene nt Load Early menstrual (ovulatory) 0.54 200 67 wandering cells 1.09 
1 BSH I Merah emi ate h Es ls Day 1 ovulatory menstruation 0.38 264 30 wandering cells 0.45 
B 335 sO MAIER UN obi anee RR Day 5 anovulatory menstruation 0.23 226 8 wandering cells 0.3 
B32 Oe Fa cia ee eee Menstrual-repair 0.55 187-420 4 wandering cells 0.35 


* The thickness of the endometrium in any phase of the cycle is subject to great variation. In some individuals, the uterus as a whole is 


larger than in others. This variable feature can be compensated for by using the 


endometrial 


—— ratio. The measurements for this ratio were made 
myometrial 


on thick sections near the center of the corpus, where the cyclic fluctuations in thickness are maximal. They are illustrated on plates 11 to 15. 


and that the distance varies with the phase of the cycle. 
Such measurements are comparable, since all the speci- 
mens were similarly prepared. When the cyclic changes 
in this distance are compared with the stroma-cell density 
in zone II, it is evident that, the denser the stroma, the 
closer the arteries are to one another; in other words, 
the distance varies directly with the amount of ground 
substance in the stroma. This finding is to be expected 
if the number of coiled arteries does not change in the 
course of a cycle. There is no evidence of such a change 
in number. The average values of a number of speci- 
mens from the present series are given in table 1. 

With the postmenstrual loosening of the stroma in the 
phase of repair, the arteries are farther apart than during 
menstruation, and the spreading continues during the 
follicular phase. In a specimen taken immediately after 
ovulation, they are slightly closer together. During the 
progravid phase, when the corpus uteri enlarges (Hart- 
man, 1932) the arteries are separated, each supplying a 
broader territory. At this time, mitoses in them, espe- 
cially in the walls of the terminal rami of type I arteries, 


vessels and the radial arteries to hormonal stimuli. Since 
it is a continuous network, there is the possibility of some 
collateral circulation when any one artery constricts. 
That is to say, the potential capillary bed of a type I 
artery is greater than the spread of its apical rami. Thus, 
Markee (1948) found the surface area supplied by type I 
arteries in vivo ranging from 4 to 7 sq. mm. According 
to the measurements on thick mounted sections described 
on page 157, the greatest spread of the apical rami of a 
type I artery covers a circular area of 3.65 sq. mm. This 
figure is for the progravid phase; at other times the area 
is smaller. 

The superficial net exhibits cyclic changes. It takes 
form during the phase of repair as the avascular stroma 
of zone I begins to thicken. In the specimen illustrated in 
figure 4 (pl. 1), it varies from 54 to 77 microns in width. 
The form of the network can be best appreciated in sec- 
tions cut tangential to the surface, as in figure 9 (pl. 2) 
taken from an endometrium of the follicular phase. The 
arterial capillaries are superficial to the venous capillaries, 
which unite to form the radial veins. When these are 
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numerous, a more rapid flow of blood can be envis- 
aged. At the end of the follicular phase, the superficial 
capillary net is dilated, 92 to 115 microns in thickness, 
and accordingly more prominent than at any other time 
(fig. 45, pl. 11; fig. 14, pl. 3). 

In a specimen obtained immediately after ovulation, 
the mesh is more irregular and narrower (see tangential 
sections in fig. 234, pl. 6)—one of several indications 
of regression (see p. 161). During the progravid phase, 
zone I is vascularized and becomes edematous; the 
superficial net reaches a width of 200 microns, and its 
meshes become wider (figs. 24, 26a, pl. 6). In the 
ischemic phase there is no change before the superficial 
zones begin to shrink (figs. 27a, b, pl. 6). The intimate 
relation of the capillaries to the surface epithelium is 
manifest everywhere in this endometrium (see p. 166). 
In the ischemic areas of B317 (day 1, obviously just be- 
fore extravasation), there are no longer any capillaries in 
contact with the epithelium; stumps on some that are 
injected suggest capillary collapse (arrow in fig. 35a, 
pl. 9). In this area the net is 15 microns in width. The 
venules are dilated. The meshes are narrow, as can be 
seen by comparison with figure 37 (pl. 9). The net is 
completely lost in the slough during ovulatory menstrua- 
tion. To judge from conditions in B329 (fig. 8, pl. 2), 
it is reorganized after anovulatory cycles, although some- 
times but little tissue has been shed. 

Deep capillary beds. The capillary beds in the deeper 
reaches of zone II and zone III present very different 
pictures. The capillaries tend to divide dichotomously, 
like the precapillary arterioles, and often extend as stems 
with few branches for 300 microns or more. Where they 
are close to the upper surface of the section, they can be 
identified as capillaries under oil-immersion objectives. 
Anastomoses occur, but are uncommon (fig. 10, pl. 2). 
Figure 13 (pl. 2) presents a typical field in B338 (late 
follicular phase), which was completely injected through- 
out the uterus. Here the capillaries are well separated 
from one another in harmony with the loose structure 
of the stroma (see p. 160). In the area illustrated, all 
capillaries connect directly with venules. In zones II and 
III, venous capillary nets often extend between neigh- 
boring venules, as in figure 12 (pl. 2) and figures 25 
(lower right) and 28 (pl. 6). These vessels are capil- 
laries in structure and dimensions; usually no arterial 
connections can be established. Such venous nets may 
serve to retard the flow of blood through the endo- 
metrium, thus facilitating diffusion. 

Zone IV. In this zone the network predominates so 
that adjacent arteries supply the same capillary bed (fig. 
11, pl. 2), as is the case in the superficial net. Small 
type II arteries (Daron, 1936) supply the zone for the 
_ most part, but lateral branches of both type I and transi- 
tional arteries may ramify throughout zone IV (fig. 4d, 


pl. 1; at left in fig. 14, pl. 3). The network is not dif- 
ferent during the progravid phase, but contributions 
from type I arteries are rare (fig. 32, pl. 7). During 
menstruation the mesh may be wider (fig. 35¢, pl. 9), 
probably because of the collapse of some capillaries. 


VENOUS SYSTEM 


The pattern of the veins is so irregular that few gen- 
eralizations are possible. In the endometrium the per- 
vading network is so close meshed that the number of 
veins appearing in a section is greater than the number 
of arteries. There is no relation between the tree- or 
shrub-like arterial pattern and the venous network. The 
variations in the caliber of the veins is extreme, and it 
probably fluctuates from time to time, as Markee (1940) 
observed in the case of the sinuses in his transplants. 
In a specimen injected intravitally and frozen rapidly, 
there are veins in the middle of zone IJ, 70 microns in 
diameter, one of which receives tributaries of 3.6, 18, and 
37 microns. The variations in caliber of individual veins 
are more extreme in the postvitally injected material 
(fig. 22, pl. 5). 

As long as the superficial capillary bed is intact, the 
venous capillaries unite to form a series of veins that 
extend for greater or lesser distances to deeper levels. 
These radial veins of the endometrium tend to be uni- 
form in diameter and have few or no tributaries. They 
obviously provide for the rapid drainage of the super- 
ficial bed. In the follicular phase many of the radial 
veins are long and straight, extending as far as zone IV 
(arrow in fig. 17, pl. 3). In zone II, they often appear 
as if they had been stretched as the zone thickened. The 
meshes of the venous network are likewise elongated 
radially at this time. Shortly after ovulation (B323) 
some reach zone IV, as in the follicular phase. Where 
the endometrium is thin, they are bowed (fig. 19, pl. 4). 
Rapid involution seems to have occurred here, and the 
veins did not retract. In menstruating endometria like 
B314 and B31”, on the other hand, where involution was 
more gradual, they are usually straight. In the four early 
progravid endometria, the radial venules join the network 
at the middle of zone II (fig. 22, pl. 5). The network is, 
consequently, the dominant feature of the venous pattern. 

In the thick, edematous mucosa of B239 (see p. 164), 
the radial vessels are more prominent, occasionally ex- 
tending to zone III without tributaries. They are usually 
narrow, enlarging from 18 to 22.5 microns where they 
reach the sinus. These measurements are significant, 
since the uterus was injected intravitally. The late pro- 
gravid B325 (see p. 165) presents a similar picture. In 
the aberrant B330 (p. 166), there are radial veins that, as 
in the follicular phase, reach zone IV directly. The early 
ischemic cases (p. 167) resemble B325 in that there are 
long radial venules. In B15 (p. 167), Daron (1936) 
noted a superficial venous congestion, which Markee 
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(1940) saw developing in some premenstrual cases but 
not in others. In the ischemic areas of B317 (p. 168), 
there are also superficial veins that course parallel to the 
surface. Vessels such as those in figure 33 (pl. 8) are like 
irregularly twisted ribbons, appearing broad only where 
the flat surface is in the plane of section. In this area, 
radial veins may also reach zone III. The fact that they 
are straight, despite the evidences of compression mani- 
fest in stroma, glands, and arteries, would indicate that 
they maintain their course by shortening as the endo- 
metrium becomes thinner. A few observations on the 
form of the endothelial cells suggest this explanation. 
In any event, this is another example of the passive 
adaptation of the vasculature to stromal changes. 

In the menstruating areas of B317, there is little evi- 
dence of through routes. Almost all veins are collapsed; 
since most of them are viewed obliquely, the size of the 
lumen is exaggerated in a projection such as figure 34 
(pl. 8). The slim, irregular venules of zone IV are not 
represented in the figure. Figures 39a and 3b (pl. 10) 
show the character of the network in a somewhat later 
stage of menstruation. Here, too, the great majority of 
veins are collapsed, both in endometrium and myo- 
metrium. On the other hand, sinuses, as in figure 62 
(pl. 15), have become common. In the specimen from 
day 2 of anovulatory menstruation (see p. 171), where 
the myometrium is well injected and many radial ar- 
teries are dilated, the larger endometrial veins are like- 
wise dilated (figs. 414, b, pl. 10; fig. 62, pl. 15). This 
condition continues later in menstruation (fig. 420, pl. 103 
fig. 1, pl. 1) and even into the phase of repair (figs. 4, 
5a, pl. 1). 

Enlarged veins or sinuses are present in all phases of 
the cycle. Markee (1940) found that they appear, en- 
large, and soon disappear. In postvitally injected mate- 
rial, they may be somewhat isolated from one another, 
or a chain of them may extend half the length of the 
corpus. In the follicular phase they are predominantly in 
various levels of zone IV (fig. 7, pl. 1; fig. 17, pl. 3). 
Rarely, in various phases, large veins with many tribu- 
taries converge on a deep sinus (cf. fig. 62, pl. 15). Un- 
like the radial veins, which primarily drain the super- 
ficial net, these are through drainage routes within the 
network (fig. 414, pl. 10; fig. 3, pl. r). In the early follicu- 
lar phase, the sinuses are well filled, and the emissaries 
to myometrial veins are prominent. In B338, taken from 
the end of the follicular phase, some sinuses and their 
emissaries are flattened; others are dilated. In a survey 
of this specimen, 56 sinuses were counted in zone IV, 
5 in zone III, and 20 deep in zone II. In the progravid 
and ischemic phases most of them are also in zone IV. 
The emissaries are slim and uncommon, especially in the 
ischemic phase. In the ischemic areas of B317 (day 1), 
all veins are narrow or completely collapsed, as might be 
expected, from the greatly reduced blood flow and con- 


tracted myometrium (fig. 33, pl. 8). Plate 15 shows the 
prominence of the larger veins later in menstruation. In 
figure 61, most veins are flattened, but there are some 
with their emissaries open. In the specimen of anovula- 
tory menstruation shown in figure 62, the circulation had 
been re-established, except superficially, and the veins, 
in general, were dilated. Large sinuses near the junc- 
tion and wide emissaries characterize later menstruation. 


ADAPTIVE SIGNIFICANCE OF CERTAIN UNIQUE FEATURES 
OF THE UTERINE VASCULAR SYSTEM 


The earlier interpretations of the menstrual cycle were 
based on human material, and the point of view of the 
gynecologist has dominated most clinical discussions of 
it. No distinctive changes in an organ of reproduction, 
however, can be interpreted except in the light of their 
possible role in the initiation and maintenance of preg- 
nancy. The recent advances in knowledge of the early 
stages of primate development provide a basis for profit- 
able speculations as to the raison d’étre of various fea- 
tures of the menstrual cycle. The primate endometrium 
is unique among mucous membranes in having a super- 
ficial zone supplied exclusively by a set of arteries that 
exhibit distinctive cyclic changes in behavior and form. 

Certain hormonal reactions of these arteries appear to 
facilitate implantation of the ovum. These (type I) ar- 
teries of the endometrium grow rapidly under the influ- 
ence of the corpus luteum, and their coiling may be the 
chief factor in the progressive retardation of the super- 
ficial capillary flow, which was demonstrated by Markee 
(1950@). This retardation results in an edema which is 
greatest near the mid-line of the corpus, just below the 
surface epithelium. It provides a medium favorable for 
the spread of the invading trophoblast. The accumulated 
edema fluid spreads out the meshes of the characteristic 
superficial network of capillaries (figs. 26a, 27, pl. 6). 
This action, together with the slowing of the blood flow, 
reduces the chances of an extravasation from capillaries 
eroded by the trophoblast such as might otherwise be 
great enough to wash away the newly implanted ovum. 
It must be remembered that at this time the human 
ovum is less than half a millimeter in diameter, and in 
the rhesus monkey it is not much larger. 

The stasis of the ischemic phase has been interpreted 
as a means of weakening maternal tissues so that they 
become pabulum for the trophoblast, which is rapidly 
expanding at this period. The stasis is due to constric- 
tions in type I arteries, and is followed by a brief extrava- 
sation of blood. Such an extravasation occurs in human 
pregnancies at about the time of the expected but lapsed 
menstruation (Brewer, 1937). It is more extensive in the 
rhesus monkey (Hartman, 1929). The individuality in 
the reactions of the type I and radial arteries (p. 175) is 
manifested by the restriction of extravasation to the ar- 
teries at the implantation site. The bleeding at the time 
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of implantation leads to the interpretation of menstrual 
bleeding as a reaction of all the type I arteries, exacer- 
bated, in the absence of pregnancy, by the greater fall in 
available ovarian hormones (see Bartelmez, Corner, and 
Hartman, 1951). 

In her detailed studies on the development of the pla- 
cental circulation of primates, Ramsey (1949 and subse- 


quently) has demonstrated growth and increased coiling 
in endometrial and myometrial arteries during the earlier 
stages of pregnancy. With the great expansion of the 
uterus during and after conversion (Reynolds, 1954), the 
coils are gradually paid out. Ramsey has accordingly in- 
terpreted this coiling as an adaptation for the increase in 
the volume of the pregnant uterus. 


SUMMARY 


The endometrium is unique in having a special sys- 
tem of arteries that supplies its superficial 144. These 
arteries are confined to corpus and fundus. Radial ar- 
teries arise from the stratum vasculare and continue in 
the endometrium as type I (“coiled”) arteries. This sys- 
tem of arteries is highly sensitive to changes in available 
ovarian hormones. Their responses vary individually in 
growth (fig. 510, c, pl. 12), in threshold, and according 
to the region of the uterus in which they are located 
(see p. 172; fig. 55, pl. 13, where smaller type I arteries 
are present in lateral limbus at right). This variation is 
in harmony with differences in the hormonal reactions 
of various regions and zones of the endometrium, which 
may, in turn, be due to differences in the rate of blood 
flow. The largest type I arteries are in the paramedian 
region of the corpus where implantation usually occurs. 
There are many transitions between the type I and type II 
arteries of Daron, and sometimes part of the deeper capil- 
lary bed of a type I artery is also supplied by a transitional 
vessel. Differences in the extent of the overlap account 
for variability in the width of the zone shed during 
menstruation (see p. 172). 

The most superficial capillary bed is a network rang- 
ing in width from 50 microns at the beginning of the 
follicular phase (fig. 4, pl. 1) to 200 microns at the end 
of the progravid phase (fig. 24, pl. 6). Since apical rami 
of type I arteries supply this continuous net, the surface 
area that each artery can supply is greater than the spread 
of the arterial tree (see p. 176). The overlap of potential 
capillary beds thus provides for collateral circulation at 
this level. 

Toward the end of the follicular phase the apical rami 
of type I arteries and their capillary beds are dilated; 
the blood flows more rapidly than at any other time 
(Markee, 1948), and “through routes” develop in the 
venous network (fig. 17, pl. 3). These radial endo- 
metrial veins extend at this time with few or no tribu- 
taries from the superficial net to sinuses in zone IV, 
which have wide emissaries to myometrial veins. 

In two specimens obtained shortly after ovulation, 
constrictions are present in radial arteries (fig. 19, pl. 4; 
figs. 46, 47, pl. 11). The endometria are thin; the type I 
arteries appear compressed. This finding can be corre- 
lated with the endometrial regression observed in 40 per 

cent of the specimens at about the time of ovulation 
(Markee, 1940). 


In the early progravid phase, mitoses are numerous in 


type I arteries, which grow faster than the endometrium 
thickens. Rate of blood flow is gradually reduced 
(Markee, 1948). Through routes to myometrial veins 
become inconspicuous. Edema develops progressively. 
Zone I, avascular in the follicular phase, is invaded by 
arterial capillaries (compare fig. 23a with fig. 24, pl. 6). 
By the end of the phase, the capillaries come into inti- 
mate contact with the surface epithelium and zone I 
becomes loose; its capillary mesh is wide (figs. 26a, 27a, 
b, pl. 6). Throughout the progravid phase the myo- 
metrium relaxes as the endometrium thickens and the 
uterus as a whole enlarges (Hartman, 1932; compare 
fig. 45, pl. 11, with fig. 52, pl. 12). All these phenomena 
are distinctive of the period of implantation of the ovum. 

During the ischemic phase, constrictions in radial ar- 
teries gradually become widespread, and complete injec- 
tions of endometrium are practically impossible to ob- 
tain. The constrictions are due to local elongations of 
the arteries, and may result in complete occlusion of the 
lumen. Sometimes only the apical rami of type I arteries 
are constricted, a condition seen also in menstruation 
(see p. 171). The veins may be congested or slim and 
almost empty. Eventually there is a marked thinning 
out of endometrium with thickening of myometrium 
(compare figs. 54, 55, pl. 13). The superficial ends of the 
arteries become more contorted as involution progresses 
during menstruation (figs. 33, 34, pl. 8; fig. 398, pl. 10). 
Capillary meshes become narrower or remain uninjected 
(compare figs. 35a-e with fig. 37, pl. 9). 

Before the end of external menstrual bleeding, super- 
ficial endometrial capillaries can be injected in part. 

Involution and shedding of part of zone II during 
ovulatory menstruation bring the coils of type I arteries to 
the surface (fig. 59, pl. 14). The presence of apical rami 
at the end of menstruation indicates the survival of part 
of zone II (fig. 1, pl. 1). 

During repair, two factors are involved in the uncoil- 
ing and elongation of the superficial ends of the type I 
arteries: development of ground substance in the sur- 
rounding stroma, and regression of the arterial walls. 
The uncoiling in zone II is sometimes not complete at 
the end of the follicular phase (fig. 18, pl. 4). 

As zone II thickens during the follicular phase, the 
apical rami of type I arteries are stretched. Mitoses in 
their walls are uncommon until after the corpus luteum 
has become active. By the end of the progravid phase, 
precapillary arterioles have extended into zone I. 
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Endometrial arteries of types I and II (Daron, 1936) 
are characteristic of corpus and fundus. Transitions be- 
tween them can be found (fig. 16, pl. 3). Type II arteries 
outnumber type I by about 10 to 1 (see p. 173). Endo- 
metrial arteries, in general, exhibit two kinds of branch- 
ing: treelike, with an apical crown or tuft of branches, 
and diffuse bushlike branching (see p. 159). 

The form of type I arteries is influenced by four fac- 
tors: 

1. Changes in the stromal ground substance, especially 
in zone II. In the repair and follicular phases, they are 
uncoiled and stretched; sometimes in the ovulation 
phase, and always during menstruation, the coils appear 
compressed by endometrial involution (compare figs. 18, 
19, pl. 4; fig. 31, pl. 7; fig. 392, pl. 10). These are passive 
adjustments to the immediate environment. 

2. Intrinsic growth by mitosis in the progravid phase. 

3. Cumulative increase in complexity, which may but 
does not necessarily occur in the course of a series of 
ovulatory cycles (see p. 174). 

4. Extent of menstrual and postmenstrual regression. 
In anovulatory menstruation, they may be simple (fig. 
40, pl. 10a) or contorted (fig. 41, pl. 102). 

As the endometrium increases in volume, the larger 
(type 1) arteries are separated from one another; as it 
decreases, they come closer together. There is no evi- 
dence for a material change in their number in the 
course of a menstrual cycle. 

Aside from the restoration of relatively slight losses 
during menstruation, there is but little growth in capil- 
laries. The mesh of the capillary beds widens or con- 
tracts as the stroma becomes looser or denser (pls. 2, 
6,9). The wide mesh at the end of menstruation indi- 
cates collapsed capillaries. 


Endometrial veins are thin walled. In all phases of 
the cycle, they form a close-meshed network pervading 
the endometrium. In zones II, III, and IV, nets of wide 
capillaries are often spread out between venules. Since 
arterial afferents to such nets can only occasionally be 
found, they may be a mechanism for retarding blood 
flow (see fig. 12, pl. 2; fig. 28, pl. 6). 

Elongation of the meshes of the venous net and radial 
veins passing directly from the surface to zone IV char- 
acterizes the follicular phase (fig. 7, pl. 1; fig. 17, pl. 3). 
In the progravid phase, the intricate network is the 
dominant feature of the venous system as the radial veins 
enter the network at the middle of zone II (fig. 22, pl. 5). 
The irregularly anastomosing endometrial veins are not 
spatially related to the dichotomously branching arterial 
trees 

Superficially dilated veins are present only in men- 
struating endometria. 

The network of endometrial and myometrial veins is 
continuous. Since there are no valves within the uterus, 
arterial injection masses introduced postvitally can spread 
from any injected capillary bed retrograde through the 
entire venous system even when the arterial injection is 
incomplete. 

No arteriovenous anastomoses were found in any 
specimen. Had any been present, they could hardly have 
been overlooked in the thick serial sections of these 
doubly, and usually completely, injected preparations. 

Certain vascular changes characteristic of the men- 
strual cycle can be correlated with events in early preg- 
nancy and interpreted as adaptations for insemination 
and the implantation of the ovum (see p. 178). 
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PLATE 2 


Camera lucida drawings of vascular beds from repair and fol- 
licular phases. Zeiss 4.0-mm. apochromat. Checked with Leitz 
X60 ultraopaque immersion lens. Reduced in reproduction to 
125 diameters. 

Fic. 8. From surface of same endometrium as figures 1 to 3 
(early repair). The predominance of venules (double contoured) 
is obvious. Tuft of capillaries arises from terminal arteriole 
(solid black); latter is cut off near its superficial end; extrava- 
sated injection mass (stippled). B329, transverse section 31, 
480 microns. 

Fic. 9. From same endometrium as figures 6 and 7 (early fol- 
licular phase). Section tangential to surface, showing superficial 
capillary net spread out beneath avascular zone I. Capillaries 
dilated, reaching 12 microns in diameter; arterial capillaries 
(solid black) superficial to the venous (hatched). B302, trans- 
verse section 15b, 480 microns. 

Fic. ro. From same uterus as figure 9. Capillary bed deep in 
zone II. A precapillary arteriole (lumen, 4.8 microns) at arrow 
with its capillaries and the venules with which they connect. 


Arteriole and its capillaries (solid black); venous capillaries, 
often wider (double contoured); venules (hatched). B302, trans- 
verse section 33b, 480 microns. 

Fic. 11. From same uterus as figure 9. Capillary net in zone 
IV supplied by two precapillary arterioles and drained by a 
venule (hatched); arterioles (solid black); capillaries (double 
contoured). Arrows indicate short capillaries. B302, zone IV, 
transverse section rgb, 480 microns. 

Fic. 12. From same uterus as figure g. Zone II, corpus. Coarse 
net of venous capillaries spread between three venules. Such nets 
can also be found in zones HI and IV. B302, transverse section 
29b, 250 microns. 

Fic. 13. Endometrium associated with mature ovarian follicle 
(see pl. 3). Characteristic vascular bed in zone II of corpus. 
Apical ramus of type I artery (black) with lumen 12 microns in 
diameter at this level. Precapillary arterioles arise at approxi- 
mately right angles and promptly divide into capillaries, iden- 
tifiable as such wherever close to surface of section. Part of radial 
vein at right. B338, transverse section 10, 300 microns. 
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PLATE 5 


EARLY PROGRAVID PHASE 


B309. Endometrium associated with 6- to 7-day corpus luteum 
obtained on day 17 of cycle in March (see p. 162; fig. 48, pl. 12). 
Vessels from a sagittal section 480 microns thick. X 37.5. 

Fic. 21. Typical large type I artery from paramedian area of 
corpus. Closely coiled segment in zones III and IV gives rise 
in zone II to five apical rami, which supply this zone and super- 
ficial capillary net. Such terminal branching corresponds to the 
“tufting” in small arteries (see fig. 6, pl. 1). Transitional arteries 


on either side of it. A myometrial artery has two branches to 
basal zone IV. Sagittal section 22 (some additions from sec- 
tion 23). 

Fic. 22. Venous system of area between ¢ and d in figure 48 
(pl. 12). Network predominates over radial veins, which join 
diffuse network at middle of zone II. Irregular diameter and 
numerous irregular anastomoses distinguish venules from the 
slim sinuous arterioles with dichotomous or lateral branching. 
Sagittal section 22 only. 
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PLATE 6 


CAPILLARY BEDS FROM OVULATION AND PROGRAVID PHASES 


Camera lucida drawings reduced in reproduction to 125 
diameters (see pl. 2). 


Fic. 23. From an involuted endometrium obtained shortly 
after ovulation on day r1 (see fig. 19, pl. 4; fig. 46, pl. 11). B323. 

a. Tangential section of superficial capillary bed adjoining 
mouth of gland. Some capillaries were probably artificially 
dilated by the injection. Compare size and form of meshwork 
with figures 24, 26a, and 27. At lower right, a network of 
venous capillaries joins a venule. From two sections, each 100 
microns. Sagittal sections 3, 4. 

b. Surface adjacent to a. Precapillary arteriole at left. Sagittal 
section 7, 100 microns. 

c. Capillaries in dense area of zone H. Their irregular form 
probably due to collapse from loss of stromal ground substance 
(cf. fig. 25). Transverse section 15, 480 microns. 

d. Capillary bed in zone II spread out parallel to surface, sug- 
gesting compression as endometrium became thinner (cf. figs. 
25 and 26d from thicker sections). Sagittal section 9, 100 microns. 

Fic. 24. From early progravid endometrium, day 17 (see p. 
162; pl. 5). Terminal branching of apical ramus of coiled artery; 
its cut end (lower right) measures 35.8 microns with 17.8-micron 
lumen. Precapillary arterioles (solid black) branch dichotomously 
and have a lumen of 6 microns or less. Both arterial and venous 
capillaries form nets (latter cross hatched, like venules). Vas- 
cularization of zone I is under way. 6309, sagittal section 22, 
480 microns. 

Fic. 25. From zone II of the same endometrium as figure 24. 
At left, precapillary arteriole (solid black) supplying capillary 
net. At lower right, network of capillaries spread out between 
two venules. Such venous nets are common in endometrium 


(see fig. 12, pl. 2; fig. 28). B309, sagittal section 30, 480 microns. 

Fig. 26. From a late progravid endometrium obtained on day 
21 of cycle. B325 (see p. 165; fig. 31, pl. 7). 

a. Subepithelial net showing size of meshes, from section cut 
tangential to surface. Precapillary arteriole (left) differentiated 
as such to within 88 microns of surface. Sagittal section 23, 200 
microns. 

b. Capillaries spread out over dilated gland (epithelium out- 
lined) in zone HI. Capillaries are longer and have fewer anas- 
tomoses than in superficial bed (fig. 26a). Lumen of arteriole at 
right is 5 microns in diameter. Sagittal section 15, 200 microns. 

Fic. 27. From an early ischemic endometrium associated with 
some regression in corpus luteum, obtained on day 29. B316 (see 
fig. 52, pl. 12). 

a, 6. Superficial capillary beds from zone I of corpus. Long 
capillaries applied to epithelium are characteristic of this, as well 
as late progravid, phase, and are probably adaptations for epithe- 
lial proliferation, which develops at this time after implantation 
or trauma. Arterial capillaries superficial to venous. Meshes ap- 
pear spread out by edema. Transverse sections 14, 16, 480 
microns. 

Fic. 28. From same endometrium as figure 27. Capillary net 
spread out between two venules. No afferent arteriole found. 
480-micron section. B316, sagittal section 13. 

Fic. 29. From a progravid endometrium obtained on day 27 
(see p. 166; fig. 32, pl. 7; fig. 55, pl. 13). Dense capillary bed 
throughout endometrium is correlated with unusually rich vas- 
cularity and extremely contorted coiled arteries. Section oblique 
to surface. Avascular zone I is a feature of follicular phase. It 
has been vascularized in all other progravid specimens (cf. figs. 
24, 264, 27). B330, sagittal section 20, 480 microns. 
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PLATE 7 


VESSELS FROM THREE PROGRAVID UTERI 
Reduced in reproduction to 40 diameters 


Fic. 30. From same uterus as figure 20 (pl. 4), in which the 
artery is as contorted as any in this specimen. Endometrium is 
3.4 mm. thick. Most type I arteries in this specimen are no more 
contorted than these transitional arteries. B326, free-hand sec- 
tion, ca. r mm. thick. 

Fic. 31. From uterus associated with 10- to 11-day corpus 
luteum obtained on day 21 of a February cycle (see p. 165). As 
contorted an artery as is usually seen in late progravid phase of 
menstrual cycle and in implantation stages of pregnancy. Two 
or more long apical rami are not uncommon; arrow indicates 


level of branching (cf. fig. 21, pl. 5). Basal branch in zone IV 
is rare in this phase. This vessel and neighboring arteries are 
shown in figure 51 (pl. 12). Projection reconstruction from three 
serial sections of corpus. B325, sagittal sections 25-27, each 200 
microns. 

Fic. 32. From uterus associated with mature corpus luteum 
obtained on day 27 of April cycle. It shows various features of 
follicular phase (see p. 166 and fig. 29, pl. 6). No other endo- 
metrium in present series has more elaborately coiled arteries 
than this (see fig. 55, pl. 13). Profuse branching in all zones and 
rich capillary net show unusual growth of vascular system (see 
fig. 29, pl. 6). In this area, veins form network; elsewhere, radial 
veins are common. B330, sagittal section 18, 480 microns. 
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From a uterus with both ischemic and menstruating areas, 
obtained shortly after onset of flow. Reduced in reproduction 
to 4o diameters. B317 (see p. 168). 

Fic. 33. Ischemic area from inferior border of corpus. Type I 
artery simply coiled in zone IV, contorted in zones II and HI, 
which indicates greater involution superficially. Venous capil- 
laries are narrow, veins slim. Superficial venules resemble 
twisted ribbons. Projection reconstruction from two sections, 
with additions from two others, each 200 microns. Sagittal sec- 
tions 5-8, each 200 microns. 


PLATE 8 


Fic. 34. Menstruating area from corpus where only surface 
epithelium had been shed. Apical rami of type I artery are 
necrobiotic in hemorrhagic zone, which is indicated by small 
circles. End of vessel sealed. Superficial contorted segment 
compared with figure 33 indicates continued involution of mu- 
cosa during menstruation (see fig. 53, pl. 13). Fissure at upper 
right indicates extent of slough. Projection reconstruction from 
two sections. Sagittal sections 12, 13, each 480 microns. 
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Capillary beds from three endometria from days 1 and 2 of 
menstruation, compared with one from follicular phase. Pre- 
capillary arterioles solid black, except fig. 376. Reduced in re- 
production to 125 diameters. Camera lucida drawings (see pl. 1). 

Fics. 35a, 6. From the surface of ischemic area shown in 
figure 33 (pl. 8). @. Long subepithelial capillaries of progravid 
phase are not visible. Stump at arrow may indicate collapsed 
capillary. Venous capillaries wider than arterial. Edge of gland 
mouth at upper left. B317, sagittal section 3, 200 microns. 0b. 
From area adjoining figure 354. Precapillary arteriole has lumen 
of 3.5 microns. Venous capillaries dilated. Sagittal section 8, 200 
microns. 

Fics. 35¢-e. From menstruating areas of same endometrium. 
c. Capillary mesh in zone IJ. Wide mesh due to incomplete in- 
jection (capillaries collapsed?). Transverse section Cg, 200 
microns. d. Capillary net in zone III. Transverse section B6, 
480 microns. e. Capillary net in zone IV. Transverse section 
B7, 480 microns. 
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Fic. 36. From same endometrium as figure 38 (pl. 10). 
Capillary bed in zone III showing narrow mesh, threadlike and 
sinuous capillaries typical of early menstruation. At left, epithe 
lium of gland. B314, sagittal section 10, 480 microns. 

Fic. 37a. From 2d day of anovulatory menstruation (see fig. 
41, pl. 10). Capillaries in zone II spread out among coils of an 
artery, which are omitted. The approximation of capillaries to 
gland epithelium seems to be incidental. B332, sagittal section 10, 
200 microns. 

Fic. 375. From early follicular phase (day 15). Superficial 
capillary net in tangential section. Arrow at right indicates 
dilated apical ramus of type I artery. No media can be recog- 
nized in zone II under oil-immersion lens (see p. 159). Arrow 
at left indicates long capillary of superficial net. Afferent capillary 
at left (solid black) had a short dilated segment. Superficial 
capillaries it supplies are not dilated. No sheath of capillaries 
about gland at left. B302, transverse section 15a, 50 microns. 
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‘VESSELS IN MENSTRUATING UTERI, x 40 


Fic. 38. From a uterus obtained on day 1 of ovulatory men- 
struation after long ischemic phase showing advanced involu- 
tion (see p. 169). Type I artery of corpus is simply coiled, like 
many in this specimen. Constriction is close to endomyometrial 
junction. See figure 54 (pl. 13) for a more contorted artery. 
Glands simple in form with involuted epithelium. B314, trans- 
verse section 24, 480 microns. 

Fic. 39. From a uterus removed on day 2 (or 3?) of ovula- 
tory menstruation (see pp. 169-170; fig. 61, pl. 15). B313. 

a. Transitional artery, three type IJ arteries (solid black), 
venous net, and basal sinus present in a 200-micron section. 
Parts of two glands included. Transverse section 26, 200 microns. 

b. Large type I artery appears compressed. Presence of apical 
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rami indicates that part of zone II persisted after sloughing. 
Constriction in radial artery is below level of drawing. Trans- 
verse sections 15, 16, each 480 microns thick. 

Fic. 40. From a uterus obtained on day 1, following anovula- 
tory cycle in April (see p. 170). Corpus where only surface 
epithelium was lost. No type I arteries are more contorted than 
that at right. Terminal rami, structurally precapillary arterioles, 
close to surface. Veins dilated; network predominates. Injection 
mass usually extravasated from venules, rarely from arterioles. 
Most sinuses in zone IV. Projection reconstruction from three 
sections aggregating 700 microns. B312, sagittal sections 28-30. 

Fic. 41. From a uterus obtained on day 2 following an anovu- 
latory cycle in April (see p. 171; fig. 56, pl. 14; fig. 62, pl. 15). 

a. Simply coiled type I and type II arteries. At left, a sinus in 
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Fic. 42. Day 4 of anovulatory menstruation in April (see p. 
172; fig. 58, pl. 14). @, area of dorsal wall, showing simply coiled 
type I arteries. Artery at left supplies all levels of endometrium. 
type I artery at left. Radial arteries dilated in this area. Veins The capillaries it supplies are wide; the mesh is coarse (see 
dilated, and myometrial emissaries broad. B332, sagittal section p. 158). 8, from ventral wall; artery at right as contorted as 

any. Dilated sinuses and tributaries, as at right, are common. 


zone IV with direct drainage from surface, and large emissary to 


myometrium. B332, sagittal section 10, 200 microns. 
b. Contorted artery typical of corpus with small, simply coiled 


B331, transverse section 33, 200 microns. 


8, 500 microns. 
c. A tufted myometrial artery with endometrial twigs. B332, 


sagittal section 8, 500 microns. 


Plates rz to 15 present photographs of thick sections from near 
the center of the corpus, magnified 15 times with a 32-mm. 


anastigmat (except for figure 47). Arrows indicate endomyo- 
metrial junction. 


PLATE II 


Fic. 43. Phase of repair, day 8 of cycle. Injection complete. 
Endometrium 1.2 to 1.9 mm., myometrium 3.9 to 4.3 mm. thick. 
Note dilated radial arteries extending from stratum vasculare to 
junction. For details of endometrial vessels, see figures 4 and 5 
(pl. 1). B334, transverse section, dorsal wall, 300 microns. 

Fic. 44. Early follicular phase, day 15. Injection complete. 
Endometrium 1.7 to 2.5 mm., myometrium 3.0 to 3.3 mm. For 
endometrial vessels, see figures 6 and 7 (pl. 1). B302, transverse 
section, 480 microns. 

Fic. 45. Uterus associated with mature Graafian follicle, day 
12. Endometrium 3.3 to 4.0 mm., myometrium 4.0 to 4.2 mm. 
Injection complete. Note dilated radial arteries, superficial capil- 
lary net, and type I arteries coiled in zone IV (see fig. 18, pl. 
4). B338, sagittal section, 400 microns. 


Fic. 46. Phase of ovulation, day 11. Incomplete injection due 
to many constricted radial arteries. Endometrium 2.1 to 3.0 mm., 
myometrium 5.0 to 5.4 mm. Note contorted type I arteries (see 
fig. 19, pl. 4) and poor injection of inner myometrium. B323, 
sagittal section, 480 microns. 

Fic. 47. From same uterus as figure 46. Basal moiety of type 
I artery with constriction in its associated radial artery (see p. 
161 for measurements). Dilated transitional artery at lower left. 
Segments of radial artery that are out of focus have been 
strengthened. Arrow at endomyometrial junction. Transverse 
section, 480 microns enlarged to 70 diameters. 


G. W. BARTELMEZ PLATE 11 


PLATE 12 


PHOTOGRAPHS OF SECTIONS AS IN PLATE TI, X15 


Fic. 48. Early progravid phase, day 17 (see p. 162). Injection 
complete, no constrictions in radial or endometrial arteries. a is 
large type I artery shown in figure 21 (pl. 5). & is small artery 
of same type. Apical rami of ¢ and d ramify in same area of 


zone II. Endometrium 4.9 mm., myometrium 4.2 mm. B309, 
sagittal section, 480 microns. 


Fic. 49. Uterus associated with corpus aberrans, day 26. 
Endometrium 4.1 to 4.9 mm., myometrium 3.5 to 4.1 mm. Some 
regression in fairly typical early progravid endometrium. Note 
contorted arteries in zone II and sinus at base of this zone. 
B307, sagittal section, 480 microns. 

Fic. 50. Uterus associated with mature corpus luteum, day 23. 
Endometrium (mid-line dorsal wall) 8.5 mm., myometrium 
3.3 mm. /ntra vitam injection of HgS; arteries, veins, and capil- 


laries of zone I visualized; elsewhere capillaries cannot be fol- 
lowed. Type I arteries not so greatly contorted as in figure 48; 
arterial fields narrower. Arrow indicates a sinuous apical ramus. 
B239, transverse section, 400 microns. 

Fic. 51. Late progravid phase, day 21; corpus luteum 10 to 11 
days old. Endometrium 7.0 mm., myometrium 3.0 mm. Injec- 
tion complete. Large artery (4) is reconstructed in figure 31 (pl. 
7). Sinuous transitional artery at a. Coiled vessel (c) is small 
type I artery. B325, sagittal section 26, 200 microns. 

Fic. 52. Early ischemic phase, day 29. Endometrium 4.6 to 6.8 
mm., myometrium 2.4 mm. Note collapsed form and narrow 
lumina of glands in zone II. Sinus at left between zones II and 
Il. Injection variable in endometrium owing to constrictions in 
some radial arteries. B316, transverse section 21, 200 microns. 
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PHOTOGRAPHS OF SECTIONS AS IN PLATE II, X 15 


Fic. 53. Early ovulatory menstruation (see p. 168). Injection 
complete in some menstruating areas. Endometrium 3.3 mm. 
(excluding slough), myometrium 3.8 mm. Left of middle is 
superficial segment of large artery reconstructed in figure 34 
(pl. 8). Small type I arteries on either side of it. Note fissures at 
right that soon undermine the slough (Markee, 1940). B317, sagit- 
tal section Ar2, 480 microns. 

Fic. 54. Day 1 of ovulatory menstruation (see p. 169). Endo- 
metrium 1.8 to 2.5 mm., myometrium 4.2 mm. Thicker myo- 


metrium indicates contraction characteristic of menstruation (cf. 
fig. 52, pl. 12). Type I artery as contorted as any in this speci- 
men. Coils out of focus have been strengthened. Venous sinus 
in zone II near fissure. B314, transverse section 28, 480 microns. 
Fic. 55. Early regressive phase, day 30. Injection complete. 
Contortion of type I arteries (see fig. 32, pl. 7) and crowding 
indicate regression in endometrium, which has some features of 
early progravid phase (see p. 166). Lateral limbus at right; note 
smaller size of coiled arteries. Endometrium 6.3 mm., myo- 
metrium 2.3 mm. B330, sagittal section 19, 500 microns. 
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MENSTRUATING UTERI. PHOTOGRAPHS OF SECTIONS AS IN PLATE Il 
Magnified 15 times (except figure 60) 

Fic. 56. Day 2, anovulatory menstruation. Injection complete 
except for superficial % of corpus endometrium, where only 
veins are filled. Superficial rami of type I arteries constricted; 
relatively few constrictions in radial arteries. Artery at left is 
simply coiled compared to that in figure 416 (pl. roa). Endo- 
metrium 2.4 mm., myometrium 4.4 mm. B332, transverse sec- 
tion 21, dorsal wall, 500 microns. 

Fic. 57. Day 4, anovulatory menstruation. Injection complete. 
Endometrium 1.0 mm. or less, myometrium 3.0 mm. (see fig. 
42, pl. 10). Note dilated radial arteries. Uterus dilated with dis- 
charge. B33, transverse section 27, 500 microns. 


Fic. 58. Day 5, anovulatory menstruation with beginning of 
repair. Endometrium 1.9 mm., myometrium 4.1 mm. Lateral 
limbus at right. Arterial injection complete; capillaries frag- 
mentary except in zone II (see figs. 1, 2, pl. 1). Connective tis- 
sue of myometrium edematous, although minimal saline solution 
preceded injection of ink. B329, transverse section, 8 microns. 

Fic. 59. Early day 1 of ovulatory menstruation. Crowding and 
contortion of type I arteries is corollary of involution of stroma. 
Lateral limbus at left. B127 (see Bartelmez ef al., 1951), 12- 
micron section. 

Fic. 60. Photomicrograph from the same uterus as figure 56. 
Capillary bed in vicinity of gland in zone IJ. Despite the in- 
volution of the stroma, capillaries are not in contact with the 
glandular epithelium (g/). Vessels out of focus have been 
strengthened. B332, sagittal section, 200 microns. % 100. 
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PHOTOGRAPHS OF THICK SECTIONS, x I5 


Fic. 61. Day 2, ovulatory menstruation. Injected car- 
mine diffused into superficial zone of endometrium (dark) 
in corpus and fundus but in no other areas of uterus. 
Through routes in venous network empty into sinuses at 
junction. Radial arteries usually constricted in this speci- 
men (note poorly injected inner myometrium) (see p. 
169). Endometrium 2.5 mm., myometrium 5 mm. 8313, 
transverse section, 480 microns. 

Fic. 62. From the 2-day specimen shown in figure 56 
(pl. 14). Endometrium 2.4 mm., myometrium 4.4 mm. 
Veins, which are more dilated during menstruation than 
at other times, predominate in this area. The great sinus 
at the junction of endo- and myo-metrium extends longi- 
tudinally through the corpus and receives radiating tribu- 
taries from zone II. Note complete injection of myo- 
metrium. B332, sagittal section 11, 500 microns. 
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CHONDRIFICATION IN THE HANDS AND FEET OF 
STAGED HUMAN EMBRYOS* 


INTRODUCTION 


The prenatal development of the skeleton of human 
limbs has been studied by many investigators. Reports 
based on their studies have related mainly to ossification, 
however, as in the recent papers by Noback and Rob- 
ertson (1951) and O’Rahilly and Meyer (1957). Com- 
parable attention has not been given to the earlier de- 
velopment of the skeletal elements, particularly to those 
of the hands and feet. Apart from Senior’s (1929) ab- 
stract, no adequate account has been published of the 
onset and sequence of chondrification in a large series 
of hands and feet. 

Investigators generally agree that chondrification be- 
gins in the metacarpals before it begins in the carpals, 
and that the lunate and pisiform are the last of the car- 
pals to begin to chondrify (Henke and Reyher, 1874; 
Rosenberg, 1876; Leboucq, 1884; Grafenberg, 1905; Mar- 
tin, 1929). A few authors have reported that they could 
distinguish carpal elements in the blastemal stage 
(Lewis, 1902; Schmidt-Ehrenberg, 1942; Haines, 1947). 
Chondrification begins in the proximal phalanges, and 
extends progressively to the most distal members 
(Henke and Reyher, 1874; Hagen, 1900; Lewis, 1902; 
Grafenberg, 1905; Hesser, 1926). In a 27-mm. embryo, 
Schulin (1879) found that all the skeletal elements of 
the hand were chondrified except the sesamoids. 

It is also generally agreed that the digits of the foot, 
like those of the hand, chondrify in a proximodistal 
sequence (Henke and Reyher, 1874; Schulin, 1879; 
Schomburg, 1900; Bardeen and Lewis, 1901; Leboucq, 
1904; Bardeen, 1905; Martin, 1929; Trolle, 1948). Several 
authors have reported chondrification in the foot begin- 
ning in embryos of about 14 to 21 mm. in length (Henke 
and Reyher, 1874; Baur, 1886; Bardeen and Lewis, 
tg01; Bardeen, 1905; Martin, 1929; Hintzsche, 1930; 
Haines, 1947; Trolle, 1948), but none of these writers 
has given information regarding the sequence of chon- 
drification in the tarsus. Leboucq (1886) stated that he 
found the tarsal elements differentiated in a 12-mm. 
embryo, but it is not clear from his account whether he 
intended to use “differentiated” as synonymous with 
“chondrified.” 

Senior (1929) was the first to report a precise sequence 
in chondrification in both hand and foot. In an abstract 
based on a study of 77 embryos, ranging from 12.5 to 
24.8 mm. crown-rump length, he reported that with few 
exceptions the hands and feet fit into one of the stages 


+ This investigation was supported by research grants A-550 
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listed in tables 1 and 2, respectively. Senior pointed out 
that “chondrification, being cumulative, affords an ex- 
cellent guide to the relative stage of development of 
embryonic limbs while the increase in the number of 
centers lasts.” Streeter (1929) considered using the order 
of chondrification established by Senior as an aid in 
staging human embryos. Unfortunately, however, Senior 


TABLE 1 
SENIOR’S STAGES OF CHONDRIFICATION IN THE HAND 


(Numerals refer to digits) 


Hamate, capitate, metacarpals 2 to 4 
Metacarpal 5 

Trapezoid 

Proximal phalanges 2 to 4 
Triquetrum, trapezium, metacarpal 1, proximal phalanx 5 
Scaphoid, centrale 

7 Proximal phalanx 1 

8 Lunate 

9 Middle phalanges 2 to 4 

10 Middle phalanx 5 

Pisiform 

Distal phalanx 1 

Distal phalanges 2 to 4 

Distal phalanx 5 


TABLE 2 
SENIOR’S STAGES OF CHONDRIFICATION IN THE FOOT 


(Numerals refer to digits) 


Stage 
1 Metatarsals 2 to 4 
2 Cuboid, metatarsal 5 
3 Calcaneus, talus, lateral cuneiform 
4 Intermediate cuneiform 
5 Medial cuneiform, metatarsal 1 
6 Navicular 

7 Proximal phalanges 2 to 4 

8 Proximal phalanx 5 

9 Proximal phalanx 1 
10 Middle phalanges 2 to 4 
11 Middle phalanx 5 
Distal phalanx 1 
Distal phalanges 2 to 4 
Distal phalanx 5 


did not publish a complete account of his findings, and 
attempts to locate his original data have been unsuc- 
cessful. 

Correlation of Senior’s stages of chondrification in 
both hand and foot with Streeter’s (1942, 1945, 1948, 1949, 
1951) developmental horizons seems desirable. For this 
purpose, a study was made of embryos in the collection 
of the Department of Embryology, Carnegie Institution 
of Washington. The writers are indebted to Dr. George 
W. Corner, former Director, for the opportunity to un- 
dertake this work. 
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Martertats aND MetHops 


Serial sections of the limbs of 103 staged human em- 
bryos, belonging to horizons xv to xxiii inclusive and 
ranging from approximately 614 to 30 mm. in length, 
were studied. In the case of the upper limb, 102 sectioned 
embryos were examined; lower limbs of 1or embryos 
were analyzed. 

Since special staining techniques for cartilage matrix 
had not been used in the preparation of the embryos, 
it was necessary to establish arbitrary histological criteria 
for the onset of chondrification. In this study, a blastemal 
condensation of a skeletal element consists of closely 
packed cells having indistinct boundaries. When the 
separation of nuclei in a localized part of a condensation 
results in a lighter appearance, matrix is presumed to 
have been deposited in this area, and chondrification is 
said to have begun. 


In the carpals and tarsals, chondrification usually be- 
gins near the center, and a more or less rounded chon- 
drified area surrounded by blastemal tissue is formed. 
This area then spreads until it reaches the periphery of 
the blastemal condensation, at which time a perichon- 
drium may be said to exist. Further growth depends 
on the multiplication of perichondral as well as of carti- 
lage cells, and on the formation of matrix. Chondrifica- 
tion is basically similar in long bones. In the metacarpals 
and metatarsals, as in other long bones, Streeter’s (1949) 
five phases in the growth of cartilage can be recognized. 

The term “hand” as used throughout this paper in- 
cludes the carpus, metacarpus, and phalanges. The 
terminology employed is the Nomina anatomica emen- 
data of 1955, translated into English where appropriate. 


OBSERVATIONS 


Upper Limp 

Horizon xv (6.0 to 11.0 mm.). Five embryos ex- 
amined: Carnegie nos. 2, 721, 6504, 6506, 8997. 

A central, mesenchymal condensation for muscle and 
bone in the proximal part of the limbs was present in 
two specimens and absent in three. The central part of 
this condensation was avascular. A photomicrograph 
illustrating a section of the upper limb at this stage was 
reproduced by Streeter (1949, fig. 8, pl.1). An ectodermal 
ridge, first visible in the previous horizon, was also found 
at this stage (O’Rahilly, Gardner, and Gray, 1956). 

Horizon xvi (7.0 to 12.2 mm.). Ten embryos exam- 
ined: Carnegie nos. 163, 617, 6507, 6509, 6510, 6512, 6517, 
7115, 8112, 8773. 

The humerus, radius, and ulna could be distinguished 
as mesenchymal condensations in most of these embryos. 
Early chondrification of the humerus was noted in one. 
The appearance of the humerus during early chondrifica- 
tion is shown in a photomicrograph by Streeter (1949, 
fig. 9, pl. 1). 

Horizon xvii (8.6 to 14.5 mm.). ‘Twenty-one embryos 
examined: Carnegie nos. 353 (1), 559, 623, 940 (1), 1771, 
5642 (1), 5893 (1), 6258, 6519, 6520 (1?), 6521, 6631 (1), 
6742, 6758, 8101, 8118, 8253, 8789 (1), 8969, 8998, 9100. 
(Figures in parentheses in lists of embryos examined in 
this and subsequent horizons are Senior’s stages of 
chondrification for the hands.) 

The humerus and radius were chondrifying in almost 
all these embryos. Although the ulna was chondrifying 
in many of them, chondrification was entirely absent in 
two embryos and doubtful in two others. The radius and 
ulna were short and widely separated in embryos in 
which they were chondrifying (fig. 1). ‘Their distal parts, 
still composed of condensed mesenchyme, were continu- 
ous with a common skeletal blastemal mass from which 


digital prolongations extended (fig. 1). The blastemal 
condensation of the thumb was very short or absent; 
that of the fifth digit was short. 

Chondrification had not yet begun in the hands of 
approximately two-thirds of the embryos. In the remain- 
ing third, it was beginning in the 3d and 4th metacarpals 
(fig. 1); the hands of these embryos, therefore, are in 
early Senior’s stage 1, a stage in which Senior included 
chondrification of the 2d metacarpal and the hamate and 
capitate. Aside from three embryos in which chondrifica- 
tion had possibly begun in the hamate and capitate, none 
was found in the carpus. The ectodermal ridge, present 
since horizon xiv, disappeared during horizon xvii. 

Horizon xviii (11.7 to 18.0 mm.). Seventeen embryos 
examined: Carnegie nos. 106 (1), 109 (1), 144-(6), 175 
(2-3), 492 (2), 4430 (5), 6522 (4-5), 6524 (4), 6525 (4), 
6527 (4), 6528 (2), 6533 (4), 7707 (2), 8097 (x), 8172 (4); 
8355 (1), 9247 (3). 

The radius and ulna were widely separated from each 
other, their distal parts still composed of condensed 
mesenchyme. In the embryos in which the carpus was 
still mainly blastemal, localized variations in density 
were noticed, but individual carpal elements were not 
identified on the basis of these differences. In the em- 
bryos in which several carpal elements had begun to 
chondrify, however, mesenchymal condensations of the 
remaining carpal elements were usually distinguishable. 
Nonsegmented mesenchymal condensations extended 
distally from the common carpal blastema into the digits 
in which chondrification had not yet begun. 

On the basis of chondrification in the hand, most 
embryos ranged from an early Senior’s stage 1 to stage 4, 
although two were found to be in stage 5 and one in 
stage 6. Four specimens were classified as early stage 1 
because, although they included chondrification in the 3d 
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and 4th metacarpals, one or more of the other elements 
(2d metacarpal, capitate, hamate) assigned by Senior to 
this period had not yet begun to chondrify. In the speci- 
men most advanced in chondrification (Senior’s stage 6), 
the following elements were chondrifying: all carpals 
except the lunate and pisiform, all five metacarpals, and 
the proximal phalanges of the 2d to 5th fingers. Fig- 
ure 2 illustrates chondrification at Senior’s stage 5 in a 
hand of an embryo not included in the seventeen listed 
above. 

Horizon xix (15.5 to 21.0 mm.). Twelve embryos ex- 


amined: Carnegie nos. 17 (11), 43 (7), 409 (9), 432 (7); 
576 (8), 1324 (7-8), 1390 (8-9), 2114 (6), 4405 (7), 5609 
(9?), 6150 (9-107), 8965 (7-9). 

Streeter’s cartilage phases 1 to 3 were present in the 
radius and ulna. The styloid processes of both these 
elements were chondrifying in some specimens, were 
mesenchymal in others, and were not recognizable in 
still others. When the styloid process of the ulna was 
observed, it was very closely related to the triquetrum. 

Although a few of the embryos in this age group ex- 
hibited chondrification ranging from Senior’s stages 6 
to 11, the chondrification of most members of the group 
could be classified in stages 7 to 9. (By stage 11, all skele- 
tal elements except the distal phalanges have started to 
chondrify; the centrale is chondrified by stage 6.) 

The chondrific centers in the capitate and hamate were 
larger than those in the other carpals, whereas relatively 
small areas of the trapezium and trapezoid were chondri- 
fied. No close correlation was noted between Streeter’s 
point scores for the entire embryo and Senior’s stages of 
chondrification for the hand, except that the two embryos 
most advanced in development had the higher Senior 
stages. 

Horizon xx (18.5 to 25.0 mm.). Eleven embryos ex- 
amined: Carnegie nos. 431 (12), 460 (10-11), 462 (11), 
966 (10), 4148 (9-10), 5537 (10), 6202 (11), 6426 (x1), 
7274 (9), 7906 (9?), 8157 (12). 

The humerus, radius, and ulna of some specimens con- 
tained phase 4 cartilage. The styloid processes of the 
radius and ulna were mesenchymal in some embryos, 
whereas they had begun to chondrify in others. The 
styloid process of the ulna was closely related to the 
triquetrum in all embryos of this age group. In three 
specimens, the styloid process of the 3d metacarpal was 
identified, and in one it had begun to chondrify. Chon- 
drification in the hands ranged from Senior’s stages 9 
to 12. (By stage 12, all skeletal elements except the distal 
phalanges of the 2d to 5th digits are chondrifying.) The 
lunate was consistently less advanced in chondrification 
than the other carpal elements. 

Horizon xxi (19.0 to 26.4 mm.). Fourteen embryos 
examined: Carnegie nos. 22 (13-14), 455 (14), 903C 
(14), 1008 (14), 1358F (14), 2937 (14), 4090 (13-14), 


4960 (14), 5596 (14), 6531 (12-14), 7254 (11), 7392 (14); 
7864 (13), 8553 (14). 

The humerus had a primary bone collar in at least 
three specimens, the radius in one. Phase 3 cartilage was 
generally present in the metacarpals and proximal pha- 
langes. The styloid process of the ulna was hook-shaped 
and chondrified in most specimens. The hook of the 
hamate appeared as a cellular condensation. Chondrifica- 
tion in the hands ranged from Senior’s stages 11 to 14, the 
majority of hands belonging in stage 14. Only one speci- 
men was at stage 11. (All skeletal elements of the hand 
have begun to chondrify by stage 14.) The lunate and 
pisiform were less advanced in chondrification than the 
other carpal elements. The centrale had begun to fuse 
with the scaphoid in some specimens. 

Horizon xxii (23.0 to 27.5 mm.). Five embryos exam- 
ined: Carnegie nos. 1458, 3681, 4339, 4638, 8394. 

The humerus of all specimens, and the radius and ulna 
of most, had a bone collar. By horizon xxii, all skeletal 
elements were chondrifying. Of the distal phalanges, the 
tst was generally the most advanced in chondrification. 
As in the previous horizon, the centrale had begun to 
fuse with the scaphoid in some specimens. 

Horizon xxiii (23.0 to 32.2 mm.). Seven embryos ex- 
amined: Carnegie nos. 75, 86, 1945, 2561, 4525, 5621A, 
14eSe 
The bone collars of the humerus, radius, and ulna were 
thicker than in the previous horizon. Calcification had 
begun in the cartilage matrix, but no cellular, vascular 
invasion of the bone collar was observed, except in one 
specimen in which periosteal buds were beginning to 
enter the humerus and radius bilaterally. Although cellu- 
lar condensations of sesamoids were noted in embryos 
sectioned so as to show these areas favorably, no 
chondrification was seen in them. The centrale was 
partly fused with the scaphoid in all specimens. 


Lower Lima 

Horizon xv (6.0 to 11.0 mm.). Six embryos examined: 
Carnegie nos. 2, 721, 6504, 6506, 8997, 9140. 

The mesenchyme of the lower limbs was of uniform 
density in four embryos. In two other specimens, how- 
ever, a denser arrangement of the nuclei in the central 
and proximal parts of the limbs suggested an early 
blastemal condensation for skeleton and muscles. An 
ectodermal ridge was present for the first time in the 
lower limb at this stage (O’Rahilly, Gardner, and Gray, 
1956). 

Horizon xvi (7.0 to 12.2 mm.). Ten embryos exam- 
ined: Carnegie nos. 163, 617, 6507, 6509, 6510, 6512, 6517, 
7115, 8112, 8773. 

A blastemal condensation, avascular in its central part, 
was present proximally in at least four of these specimens. 

Horizon xvit (8.6 to 14.5 mm.). Twenty-one embryos 
examined: Carnegie nos. 353, 559, 623, 940, 1771, 5642, 
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5893, 6258, 6519, 6520, 6521, 6631, 6742, 6758, 8101, 8118, 
8253, 8789, 8969, 8998, groo. 

In the least-advanced limbs at this stage, no blastemal 
condensation was observed. In the most-advanced limbs, 
the entire femur was chondrifying. Centers of chondrifi- 
cation were present in the tibia of some specimens, in 
the fibula of only two. A common cellular condensation 
for the tarsus was noted, as well as condensations for 
the 2d, 3d, 4th, and, occasionally, 5th toes. 

Horizon xvit (11.7 to 18.0 mm.). Seventeen embryos 
examined: Carnegie nos. 106, 109, 144 (3), 175, 492 (2), 
4430 (2), 6522 (1-2), 6524, 6525, 6527, 6528 (1?), 6533 
(1?), 7707, 8097, 8172, 8355, 9247. (Figures in parenthe- 
ses in lists of embryos examined in this and subsequent 
horizons are Senior’s stages of- chondrification for the 
feet.) 

Chondrification in the tibia extended about halfway 
to the region of the ankle and included very early 
Streeter’s phase 3 cartilage. The chondrified part of the 
fibula was very short, and less advanced than that of 
the tibia. In the majority of embryos, no chondrification 
was present in the foot. Separate digital prolongations 
extended distally from the common cellular condensa- 
tion of the tarsus. A prolongation of the big toe was 
absent in some specimens and very short in others. 

In the minority, the chondrification of the feet of 
specimens ranged from 1 to 3 of Senior’s stages. (By 
stage 3, chondrification is present in the cuboid, calcaneus, 
talus, lateral cuneiform, and 2d to 5th metatarsals.) 
Blastemal condensations extended distally from the 
cartilage of the metatarsals and, in the 1st digit, distally 
from the tarsal condensation. The ectodermal ridge, 
present since horizon xv, disappeared during horizon 
xviii. Figures 3 and 4 illustrate chondrification in an 
early Senior’s stage 1 in feet from an embryo not in- 
cluded in the seventeen listed above. 

Horizon xix (15.5 to 21.0 mm.). Eleven embryos ex- 
amined: Carnegie nos. 17 (9), 43 (4 and navicular), 409 
(4), 432 (4), 576 (4-5 and navicular), 1324 (6), 1390 (4 
and navicular), 4405 (3), 5609 (4-5), 6150 (6), 8965 (3). 

The tibia and fibula were still blastemal in their distal 
parts. Chondrification in the fibula was less advanced 
than it was in the tibia. Chondrification in the feet 
ranged from Senior’s stages 3 to 6, except one specimen 
at stage 9. (By stage 6, all tarsals and metatarsals have 
begun to chondrify.) The specimen assigned to Senior’s 
stage 9 on the basis of chondrification in the feet had the 
maximal Streeter’s point score for horizon xix and an 
unusually high Senior stage in the hand. In three speci- 
mens assigned to stage 4, the navicular was also begin- 
ning to chondrify. According to Senior, the navicular 
(stage 6) usually chondrifies after the medial cuneiform 
and ist metatarsal (stage 5). The center of chondrifica- 
tion in the cuboid was relatively large and well ad- 


vanced, whereas the centers in the talus and calcaneus 
were relatively small. A cellular condensation of the 
tuber calcanei appeared in this horizon. 

Horizon xx (18.5 to 25.0 mm.). Eleven embryos ex- 
amined: Carnegie nos. 431 (9), 460 (9), 462 (9), 966 (9), 
4148 (4 and navicular), 5537 (7), 6202 (8), 6426 (7-8), 
7274 (6), 7906 (7); 8157 (9). 

The lower ends of the tibia and fibula still consisted of 
condensed mesenchyme and were closely related to each 
other. Streeter’s phase 4 cartilage was present in the tibia 
but not in the fibula. 

Chondrification in the feet ranged from Senior’s stages 
6 to 9, except one specimen assigned to stage 4, even 
though it included chondrification in the navicular. Only 
one specimen fell into stage 6, whereas about half of the 
specimens were at stage 9. (By stage 9, all the tarsals, 
metatarsals, and proximal phalanges have begun to 
chondrify.) 

The centers of chondrification in the cuboid and lateral 
cuneiform were relatively larger than those in the talus 
and calcaneus. The cartilage was less advanced in the 
navicular and medial cuneiform than in other tarsal 
elements. In the cellular condensations that extended dis- 
tally from the chondrifying proximal phalanges, there 
was no segmentation into middle and distal phalanges. 
Figure 5 illustrates chondrification in digits at Senior’s 
stage 7 in a foot from an embryo not included in the 
eleven listed. 

Horizon xxi (19.0 to 26.4 mm.). Thirteen embryos ex- 
amined: Carnegie nos. 22 (10), 455 (11-12), 903C (12), 
1008 (12), 1358F (12), 2937 (12), 4090 (10-12), 4960 
~~ 5596 (12), 7254 (9), 7392 (9-10), 7864 (9), 8553 

10). 

No bone collars were found in the long bones, although 
osteoblasts were observed in the perichondrium of the 
femur and tibia of some embryos. Streeter’s phase 4 
cartilage was noted in the tibia of all embryos and in the 
fibula of some. The patella was beginning to chondrify 
in some embryos. 

Chondrification in the feet ranged from Senior’s stages 
g to 12; about half were at stage 12. (By stage 12, all 
skeletal elements of the foot are chondrifying except the 
distal phalanges of the 2d to 5th toes.) The tuber calcanei 
was beginning to chondrify in some embryos. A cellular 
condensation of the sustentaculum talare was identifiable 
in at least one specimen, and a condensation of the 
tuberosity of the 5th metatarsal in another. Streeter’s 
early phase 3 cartilage was present in the metatarsals and 
proximal phalanges. 

Horizon xxii (23.0 to 27.5 mm.). Five embryos exam- 
ined: Carnegie nos. 1458 (12), 3681 (12), 4339 (12), 4638 
(12), 8394 (12). 

A bone collar encircled the shafts of the femur and 
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tibia of most specimens. The fibula contained phase 4 
cartilage but lacked a bone collar. The patella was 
chondrifying in all embryos. All the feet were assigned 
to Senior’s stage 12. The distal phalanges were present as 
mesenchymal condensations. The fibula and calcaneus 
were still closely related to each other. 

Horizon xxtii (23.0 to 32.2 mm.). Seven embryos ex- 
amined: Carnegie nos. 75 (14), 86 (14), 1945 (13), 2561 
(12), 4525 (14), 5621A (13), 7425 (13-14). 

A definite bone collar did not yet surround the fibula, 
but a layer of matrix was barely visible in the fibula of 


one specimen. The bone collar of the tibia of another 
specimen was being eroded by periosteal buds. The 
fibula was still closely related to the calcaneus, but usually 
separated from it by a small part of the talus. 

The feet of all embryos were in Senior’s stages 13 and 
14 except one in Senior’s stage 12. (By stage 14, all the 
skeletal elements of the foot have begun to chondrify.) 
No distinction was made between stages 13 and 14 in 
embryos in which the 2d and 3d phalanges of the 5th 
digit were present as a single cartilage. Such a specimen 
was present in the series upon which this report is based. 


DISCUSSION 


Hanp 


Although a skeletomuscular condensation was some- 
times present in the upper limbs by horizon xv, the 
humerus, radius, and ulna could not be distinguished as 
separate blastemal condensations until horizon xvi. 
Chondrification of these elements began during horizons 
xvi and xvii, whereas that in the hand, sometimes be- 
ginning in horizon xvii, was more commonly under way 
by horizon xviii. 

The sequence of chondrification in the hand agrees 
with that reported by Senior (1929); all elements except 
sesamoids were chondrifying by horizon xxi. Thus, 
chondrification begins in the various elements of the hand 
during approximately the 6th ovulation week, in embryos 
ranging from about 11 to 24 mm. in length. 

Senior reported that, in his first stage, the hamate, capi- 
tate, and metacarpals 2 to 4 chondrify “almost simultane- 
ously.” Data from the present study indicate a slight 
difference in sequence within this first stage, metacarpals 
3 and 4 chondrifying first. Senior found no significant 
deviations from the general sequence for the hand; this 
conclusion is corroborated in the present investigation. 
Table 3 lists the horizons that correspond to Senior’s 
stages of chondrification in the hand. 

The centrale, which begins to chondrify at stage 6 
(horizons xviii and xix), started to fuse with the scaphoid 
in some specimens at horizons xxi and xxii, and was 
partly fused with the scaphoid in all specimens examined 
in horizon xxiii. 

The carpus is first apparent as a common blastemal 
mass from which digital prolongations extend. Just be- 
fore chondrification of a carpal element begins, the 
blastema in that area sometimes becomes more densely 
cellular. According to Haines (1947), in a 13-mm. em- 
bryo each carpal element is “represented not by a chondri- 
fied centre in the interior of the continuous blastema, 
but by a separate condensation of the blastema itself, 
separated from the neighbouring elements by interven- 
ing sheets of rarefied tissue. By 14 mm. the carpal... 
elements are chondrified. . . .” The planes of section of 
the embryos in the present series were generally un- 
favorable for distinguishing the individual carpal ele- 


ments during the blastemal stage. When some of the 
elements had begun to chondrify, however, the adjacent 
blastemal condensations were more readily identifiable. 
For example, after the triquetrum had begun to chon- 
drify, the mesenchymal condensation for the pisiform 
could be more easily delimited. 

Nothing in the hand or foot was found that suggested 
the temporary appearance of structures characteristic of 
lower vertebrates, such as a prepollex or a postminimus. 


TABLE 3 


Horizons IN WHICH A GIVEN SENIOR’S STAGE OF CHONDRIFICATION 
IN THE HAND HAS BEEN FOUND 


Senior’s stage Horizons 
0 XVii 
1 XVU-XVili 
2 XViil 
3 XViii 
4 XVili 
5 XVili 
6 XVili-xix 
7 XIX 
8 xix 
9 XIX-XX 
10 XIX-XX 
iil XIX-Xxi 
12 XX-XxX1 
13 Xxi 
14 xxion 


The findings reported by Schmidt-Ehrenberg (1942) in 
the single human embryo (15 mm.) that she examined 
are not confirmed. 

Some upper limbs studied by Bardeen and Lewis 
(1901), and by Lewis (1902), were included in the pres- 
ent series. Lewis, who examined embryo no. 43 (horizon 
xix), stated that all proximal phalanges were chondrify- 
ing, except that of the thumb; this finding would place 
the hand in Senior’s stage 6. The present writers, how- 
ever, found chondrification beginning in the proximal 
phalanx of the thumb also (Senior’s stage 7). From stud- 
ies of embryo no. 22 (horizon xxi), Bardeen and Lewis, 
and Lewis, concluded that of the distal phalanges only 
the thumb was chondrifying (Senior’s stage 12). The 
present authors found chondrification in the distal pha- 
langes of the 2d to 4th digits also, but were uncertain 
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about that of the 5th finger (Senior’s stages 13 to 14). It 
should be kept in mind that Bardeen and Lewis may 
have used different criteria for the onset of chondrifica- 
tion from those employed in the current study. 


Foor 


A skeletomuscular condensation is ordinarily not 
present in the lower limb until horizon xvi, and even 
then not in all specimens. The femur, tibia, and fibula 
could not be distinguished as separate blastemal con- 
densations until horizon xvii. Chondrification in these 
elements begins during horizons xvii and xviii, whereas 
that in the foot, occasionally noted in horizon xvii, is 
commonly initiated in horizons xviii to xix. 

The sequence of chondrification in the foot confirms 
that reported by Senior, with few variations; all elements 
except sesamoids were usually chondrifying by horizon 
xxiii. Thus, chondrification begins in the various ele- 
ments of the foot between approximately 514 and 7 
ovulation weeks, in embryos ranging from about 13 
to 30 mm. in length. 

No clear-cut distinction was found between Senior’s 
stages 1 and 2. Although the navicular usually does not 
chondrify until stage 6, in several specimens its chon- 
drification preceded that of the medial cuneiform and 
ist metatarsal (stage 5); these feet were assigned to 
stage 4 plus navicular. Such deviations were minor 
in the light of the over-all regularity in the sequence of 
chondrification in both hand and foot. 

The foot lags behind the hand in development, and, 
in any given embryo up to horizon xxii, usually 5 to 12 
fewer chondrifying centers are found in the foot than 
in the hand (table 5). Table 4 lists the horizons that 
correspond to Senior’s stages of chondrification in the 
foot. 

Streeter found the degree of development of the hu- 
merus to be a valuable aid in staging embryos. The 
development of other skeletal structures of the limbs 
likewise follows a definite pattern, and information about 
them should serve as a further aid in staging embryos. 
Streeter (1929) had already expressed the hope that the 
sequence of chondrification worked out by Senior might 
serve this purpose. Such information about skeletal ele- 
ments in both upper and lower limbs is summarized in 
table 6. Table 7 is a more detailed summary of the 
process of chondrification in the hand and foot. 

The tarsus first appears as a common blastemal mass 
from which digital prolongations extend. As in the 
hand, it was noted that sometimes the blastema in the 
area of a tarsal element became more densely cellular 
just before chondrification began. Haines (1947) re- 
ported that in an embryo of 13 mm. each tarsal element 
was represented by a separate condensation of the blas- 
tema, and that by 14 mm. the tarsal elements were chon- 
drified. The planes of section of the embryos in the pres- 


TABLE 4 


Horizons IN WHICH A GIVEN SENIOR’S STAGE OF CHONDRIFICATION 
IN THE FOOT HAS BEEN FOUND 


Senior’s stage Horizons 
0 XVili 
1 XVili 
2 XViii 
3 XVilI-XIX 
4 XIX-XX 
5 XIX-XX 
6 XIX-XX 
7 XIX-XX 
8 XIX-XX 
9 XIX-XXi 
10 XX1 
11 XXi 
12 XXI-XXili 
13 XXiil 
14 XXili on 


TABLE 5 
THE RANGE OF SENIOR’S STAGES OF THE FOOT USUALLY FOUND FOR A 
GIVEN SENIOR’S STAGE OF THE HAND UP TO HORIZON XXii 


Senior stages Senior stages 


of hand of foot 
1 0 
y, 
3 0-2 
4 
5 1-3 
6 3 
7 
8 3-6 
9 
10 4-9 
11 7-9 
12 9 
13 
14 9-12 


Note: In terms of the total number of chondrifying centers present, 
the foot has usually 5 to 12 centers less than the hand in any given 
embryo up to horizon xxil. 


TABLE 6 


HoriIZONS IN WHICH FIRST APPEARANCE OF SKELETAL LIMB 
ELEMENTS IS USUALLY FOUND 


Condensed 
mesenchyme Cartilage Bone 
TRQUGRETUS 5600000 Xvi XVI-XVIi XXI-XXIi 
TRACI cocccccce XVi XVil XXIHXXIii 
WMA sac00000000 Xvi XVU-XVili XXU-XXiii 
HemGl 5.00500009 XVii XVLI-XXi In fetus * 
and after 
birth 
TREE soo 000000 XVil XVLI-XVIii XXU-XXili 
Pail .o5000000 XX Xx1 After birth 
“Biotey Se heed ore XVii XViI-XVili XXUHXXUi 
Eibul aa ere XVii XVLI-XVili In fetus 
OOS Metis apron XVII-XVill XVHIRXXili In fetus 
or later and after 
birth 


*Intramembranous ossification at the tips of the distal phalanges 
of the hand may begin in horizon xxiii. 
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ent series were generally unfavorable for distinguishing 
the individual tarsal elements during the blastemal phase. 

Many investigators have claimed that, during the on- 
togeny of the limbs, temporary structures of phylogenetic 
significance are found. In the case of the human foot, 
some have reported that structures characteristic of lower 


TABLE 7 


Horizons IN WHICH FIRST APPEARANCE OF CHONDRIFICATION 
IN SKELETAL ELEMENTS OF HAND AND FOOT IS USUALLY FOUND 


Horizons 
Carpus except pisiform XViiiHXix 
Pisiform XIX-XXi 
Metacarpus XVii-XVili 
Proximal phalanges XVili-xIx 
Middle phalanges XIX-XX 
Distal phalanges XX-Xxi 
Tarsus RVili-xix 
Metatarsus XVili-xix 
Proximal phalanges XX 
Middle phalanges Xxi 
Distal phalanges XXi-XXII 


vertebrates, such as a prehallux, are present during de- 
velopment (Schmidt-Ehrenberg, 1942; Trolle, 1948). The 
present writers have found nothing to substantiate such 
claims. 

Some lower limbs studied by Bardeen and Lewis 
(1901), and by Bardeen (1905), were included in the 
present series. Bardeen and Lewis examined embryo no. 
22 (horizon xxi), and stated that all bones of the leg were 


in the form of cartilage except “that the terminal pha- 
langes of the 3 outer toes have not yet appeared.” Bar- 
deen, however, reported that embryo no. 22 was similar 
to embryo no. 17 (horizon xix), in which only the middle 
phalanx of the 2d digit was chondrifying. His illustra- 
tion supports this statement; the feet would thus be as- 
signed to Senior’s stages 9 to 10. The present authors 
found the feet of embryo no. 22 to be in stage 10. Bar- 
deen’s findings would place embryo no. 17 in stages 9 
to 10 also. The present authors found the feet of this 
embryo to be in stage 9. 

Comparisons based on the investigations of chondrifi- 
cation by Senior and the present authors, and the studies 
of ossification by Francis and Werle (1939) and Noback 
and Robertson (1951), indicate that the sequence of 
chondrification in the hand and foot differs from that of 
ossification. In the carpus, for example, the hamate and 
capitate are the first to chondrify and to ossify, but the 
sequences differ in the other carpal elements. In the 
tarsus, the cuboid is the first element to chondrify, but 
the calcaneus and talus are the first to ossify. Of the 
metacarpals and metatarsals, the 2d to 4th begin to 
chondrify before the 5th, and the 5th before the rst. The 
order is usually the same in diaphyseal ossification. The 
phalanges of both hand and foot begin to chondrify in 
proximodistal sequence, whereas the order is distal, 
proximal, and middle in diaphyseal ossification. Chon- 
drification is present in the carpus before the tarsus; the 
converse is true of ossification. 


SUMMARY 


1. Serial sections of the limbs of 103 human embryos, 
ranging from horizons xv to xxiii inclusive, were ex- 
amined. 

2. The skeleton of the hand was blastemal by horizon 
xvii, and the various elements began to chondrify be- 
tween horizons xvii and xxi, i.e. approximately during 
the 6th ovulation week. 

3. The skeleton of the foot was blastemal by horizons 
XVii to xviii, and the various elements began to chondrify 


between horizons xviii and xxiii, or later, ic. from 
approximately 544 to 7 ovulation weeks. 

4. Chondrification of the various elements of the hand 
and foot occurred in a definite sequence; Senior’s 14 
stages were confirmed. 

5. Senior's stages of chondrification in the hand 
and foot were correlated with Streeter’s developmental 
horizons. 
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PLATE 


Fic. 1. Frontal section of hand of embryo, Carnegie no. 8789, 
11.7 mm., horizon xvii. X56. Senior’s stage 1. Blastemal con- 
densations of digits 2 to 5. Radius and ulna are chondrifying. 
Carpus is blastemal, except very early chondrification in meta- 
carpals 3 and 4, barely suggested in this figure by lighter-stain- 
ing areas (arrows). 

Fic. 2. Frontal section of left hand of embryo, Wayne Uni- 
versity no. 15, not included in text because the embryo has not 
been assigned to a Streeter horizon. X75. Senior’s stage 5. 
Metacarpals 3 to 5 in the upper part of the figure. Hamate in- 
dicated by arrow; capitate and trapezoid to its left; triquetrum 
just below at its right. Radius and ulna in lower part of figure. 

Fic. 3. Sagittal section of right foot of embryo, Wayne Uni- 
versity no. 15. X75. Senior’s stage 1 (early). Early chondrifica- 
tion in metatarsal 4 (arrow). A blastemal condensation for the 


I 


cuboid is visible as a more darkly stained region just below the 
metatarsal. 

Fic. 4. Horizontal section of left foot of embryo, Wayne Uni- 
versity no. 15. X75. Senior’s stage 1 (early). Condensations of 
metatarsals 2 to 4 in upper part of figure (arrow indicates meta- 
tarsal 3). Lighter staining, as compared with tarsus (more 
darkly stained region just below metatarsals), suggests beginning 
chondrification. 

Fic. 5. Horizontal section of left foot of embryo, Wayne 
University no. 17-2, not included in text because the embryo has 
not been assigned to a Streeter horizon. X75. Senior’s stage 7. 
Chondrification in metatarsals 2 to 4. Section includes proximal 
phalanges 3 and 4. Arrows indicate metatarsal 3 and proximal 
phalanx 3. Part of marginal vein is present above. 
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THE DEVELOPMENT OF THE ADRENAL GLAND IN MAN, WITH SPECIAL REFERENCE 
TO ORIGIN AND ULTIMATE LOCATION OF CELL TYPES AND EVIDENCE IN 
FAVOR OF THE “CELL MIGRATION” THEORY * 


INTRODUCTION 


A voluminous literature has accumulated on the de- 
velopment of the adrenal gland. In 1902, Josef Wiesel 
apologized for adding one more article. Others, includ- 
ing the present author, have not been so restrained. 

In a study of the sources of certain of the adrenal 
hormones, a review of the literature on the embryology 
and histology of the gland was undertaken. In spite 
of the number of articles published on the subject, in- 
cluding extensive reviews (Parkes, 1945; Lanman, 1953), 
there was no consecutive life history of the source and 
ultimate distribution of the various cell types found in 
the gland, and, therefore, it was not possible to associate 
the synthesis of the adrenal hormones with specific cell 


types. 
The wealth of closely seriated, well preserved, and 


adequately stained material available in the Carnegie 
Embryological Collection, in Baltimore, Maryland, made 
a complete histologic and embryologic study possible. 
The study was begun with the idea of determining the 
types of cells in the adrenal cortex. It was soon found 
that, to do this adequately, the whole embryologic history 
must be reviewed. The results of this undertaking are 
set forth herein. It is hoped not only that they will assist 
in an understanding of the sequence of events in the 
histogenesis of the adrenal cortex and clarify a few of 
the points of controversy, but also that the descriptions 
of cell types in the cortex may be of value in determining 
the oligoplasia or hyperplasia of certain of these cell types 
in relation to many clinical entities. 


DEFINITIONS 


The following terms are defined to clarify the presen- 
tation: 

Fetal cortex: The fetal adrenal cortex is composed of 
the same cell types as the adrenal cortex of the adult 
human, but the proportions and arrangements differ. 

Medullary cells: The cells of neural origin which take 
up a location in the central portion of the gland during 
development. The process of localization begins in the 
embryonic period and continues until childhood. 

Cell types: Cell types in the cortex are differentiated 
by the structure of their nuclei; they are numbered ac- 
cording to the order of their appearance in the pri- 
mordium, as C-I (fig. 38, pl. 8), C-II (fig. 39, pl. 8), and 
C-IIl (fig. 4o, pl. 8). As will be made clear, three distinct 
cell types may be recognized in the development of the 
medulla; these cells, designated M-I, M-II, and M-III, are 
described beginning on page 202. 

Celomic epithelial cells: The cells of the adrenal cortex 
which have their origin in the celomic epithelium. They 
are of two types: Type C-I (fig. 38, pl. 8), the first cells 
to enter the primordium, are large polyhedral cells, each 
of which contains a large round nucleus with little 
chromatin, a large round nucleolus, and a spherical, re- 
fractile inclusion. In a later stage, type C-III cells (fig. 40, 
pl. 8) begin to emerge from the celomic epithelium, 
together with type C-I. Type C-III cells are smaller than 
type C-I, and each contains a smaller round nucleus 
which stains more deeply with hematoxylin. In the 
nucleus, there is a large amount of chromatin, which 


1The ideas herein expressed are those of the author and do 
not reflect those of the United States Navy. 
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tends to aggregate into four to five major clumps and 
one or two globules or vacuoles. 

Cells of mesonephric origin: These cells arise from 
Bowman’s capsule of the mesonephros. They are desig- 
nated as type C-II cells (fig. 39, pl. 8), and are first seen 
streaming from the glomerular capsule across the ventral 
portion of the early primordium (figs. 14, 15, pl. 2). The 
type C-II cells and their successors form most of the 
adrenal capsule, and, during horizon xxiii, are diverted 
inward by the arteriolar capillaries. Thereafter, they are 
found in the cords of cells within the cortex. Their 
nucleus is round, and stains a little more deeply than 
does that of type C-I. The chromatin is distributed in 
fine strands in a spider-like manner just beneath the 
nuclear membranes, the nucleolus corresponding to the 
body of the spider. The center of the nucleus is occupied 
by one or more large globules or vacuoles. 

Immigration and migration: The passage of cells from 
one region to another; the addition of cells by movement 
from an adjacent region. Ameboid movement is not 
implied. — 

Invasion: The entrance of cells after destruction or dis- 
ruption of pre-existing tissue, and the assumption of posi- 
tion without reference to former relations. 

Staging of embryos: The dating of the embryos fol- 
lows the horizons described and graphed by Streeter 
(1951). This method of seriation affords a much better 
concept of the progress of development than does meas- 
urement of the length. Frequently, the organogenesis 
of the adrenal gland was found to be in a much further 
advanced stage in an embryo with a shorter crown-rump 
length than in a longer one, particularly in the earlier 
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stages when the dorsal curvature varies so remarkably 
among embryos in the same horizon. This finding speaks 
well for the method, since Streeter did not use the adrenal 
among his criteria for staging. The age in weeks is the 


estimated conception age. To obtain menstrual age, two 
weeks must be added. There are enough stages to pro- 
vide a consecutive account of the organogenesis of the 
adrenal. 


MATERIALS AND METHODS 


The following embryos of the Carnegie Collection 
were selected for the study of the embryonic and early 
fetal development of the adrenal gland. 


Crown- lp term a 
: Cc 9 
Serial nS weugicte a econ Meee Stain 
(mm.) 
Horizon xu 
On 5 00.00 4.0 Trans. Exc. Al. coch. 
A335. ee Sy) Frontal Exc. H-E. 
8066...... 5.3 Trans. Exc. H-E. 
UD), seco 5.3 Trans. Exc, Ielcle, 
Horizon XIv 
3805...... 5.9 Trans. Exc. H-E. 
GHB. coo 6.7 Trans. Exc. Tald8, 
TSO 3000 6.6 Trans. Good H-E. 
TROD). 00000 7.0 Trans. Exc. H-E. 
TSAO. 6 600 V2 Trans. Exc. H-E. 
GMA, cooon 8.2 Trans. Exc. Azan 
Horizon xv 
D> aoe 7.0 Trans. Good Al. carm. 
fi) Meee aoe 9.0 Trans. Exc. H.-A. 
SOD. oo 000 8.3 Trans. Exc. H-E. or G. 
3441...... 8.0 Sag. Exe. Al. coch. 
SDI. coco 8.5 Trans. Exc. Al. coch. 
6504...... TS Sag. Exc. Al. coch. 
B03, co 006 7.3 Trans. Good Al. coch. 
CEB. 50 oc 8.0 Sag. Good H-E. 
DWGD 00600 8.4 Frontal Good Al. coch. phloxine 
J 364%, oaths 95 Frontal Poor H-E. 
WD). o000 6.3 Frontal Exc. Azan 
8997...... 9.0 Trans. Exc. Azan 
9140...... 7.0 Trans. Exc. Azan 
Horizon Xvi 
TOD s 0 sters 8.0 Trans. Good Al. coch. 
Gite goon 8.1 Sag. Good Al. coch. iron H. 
65/0 eee 7.0 Trans. Exc. Al. coch. 
65] pee 10.5 Trans. Exc. Al. coch. 
TAUID. oo000 9.7 Frontal Exc. H. and phloxine 
7804...... 95 Trans. Good Eieks 
TOW so cee 12.2 Trans. Good HAE. 
G73. 00060 11.0 Frontal Exc. Azan 
Horizon xvii 
940...... 14.0 Trans. Good H.-E. or G. 
THB, coos 13.2 Trans. Good Al. coch. 
DH, 60800 14.0 Trans. Good leek 
CBI), 55090 10.8 Sag. IESKes Al. coch. 
652.0 saa 14.2 Trans. Exc. Al. coch. 
PAB. 0500. 11.0 Trans. Good H.-phloxine 
C3200 000 12.8 Trans. Good H.-phloxine 
Bil. veces 13.0 Trans. Exc. Eeehae 
QUIS 60606 12.6 Frontal Exc. H-E. 
WP aoccus 11.7 Sag. Exc. Azan 


8998...... 11.0 Frontal Exc. Azan 


Crown- 
ico gl EE a 
(mm.) 
Horizon xvi 
EOD. 56000 16.8 Frontal Exc. Al. coch. 
WOOD. cose 14.6 Frontal Good Al. coch. or G. 
4430...... 14.0 Trans. Exc. Al. coch. or G. 
674 11.7 Trans. Exc. Al. coch. 
OBL. node 13.8 Sag. Exc. Al. coch. 
(BY 50000 14.4 Trans. Exc. Al. coch. 
DOB. os00¢ 13.4 Frontal Exc. Al. coch. 
TOD c co000 14.5 Trans. Exc. H.-E. phloxine 
STD. ccsos 16.5 Trans. Exc. leeks 
COMA. coooe 12.2 Trans. Exc. 1B Ae, 
SWAT 5 0650.0 15.0 Sag. Exc. Azan 
Horizon xix 
AUODio¢ 0's 15.5 Trans. Good Coch. Mallory 
215) ee 18.0 Trans. Exc. Coch. or G. 
6 ()9 ae 18.0 Frontal Exc. Al. coch. 
GSO... o806 17.0 Trans. Good 1Bi8,, 
6824...... 18.5 Sag. Good HE. 
S092 Sarre 16.3 Trans. BXc H-E. phloxine 
HIB, os000 18.5 Trans. Exc. Azan 
Horizon xx 
QB. .0 cor 23.0 Frontal Exc. Al. coch. 
DD 3/ has tue 22.0 Trans. Exc, Al. coch. 
6202 ae 21.0 Sag. Exc. Isla, 
DT Ars, Ae 18.3 Trans. Exc. H-E. phloxine 
9 Oe 19.5 Frontal Exc. H.-L. 
SW5500 6 18.0 Sag. JER, Azan 
Horizon Xx1 
5G. oovec Dales) Sag. Good Jal 8, 
TD DA re 22.5 Trans. Exc. H.E. 
T3892. sc000 22.7 Trans. Exc. H-E. 
TES. 0 c006 24.0 Frontal Exc. IBL8,, 
SDD Sees 22.0 Trans. Exc. H.-E. 
Horizon xxi 
WAS). osb00 27.5 Sag. Exc. HE. or G. 
4304...... 25.0 Trans. Good H.-E. 
4638...... 23.4 Trans. Exc. Al. coch. 
Ole ccoss 24.0 Frontal Poor ee 
6332 eee 25.8 Frontal Exc. Tele, 
IM coooe 25.3 Trans. Exc. ek 
Horizon xxiii 
4X). oo000 29.5 Trans. Good Al. coch. 
439 Ree SP Trans. Good Al. coch. 
A590 000000 30.7 Trans. Exc. ens 
DAD ater 27.0 Sag. Good H.-E. 
SOOM . 0056 WD Trans. Good JeL18,, 
@B.coc00 315 Trans. Good J8Ld8, 
Mis ooo 30.1 Trans. Good Chrom.alum hem. 
AID ke ae 27.0 Frontal Exc. Chrom.alum hem. 
QIB..00006 30.1 Trans. Exc. Azan 
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Crown . , 
cine A ep eee ee Pee 
(mm.) 
FETAL 
SNOB. oo 60 34.0 Trans. Good Chrom.alum hem. 
Broken 
sections 
Dy 6) ee 34.0 Trans. Good H-E 
4415 37.0 Trans. Poor H-E 
GOB. onoce 40.0 Trans. Exc. H-E 
SO eae 44.0 Trans. Poor H.-E 
6694...... 44.0 Trans. Exc. H.-E 
SAR eae 54.0 Trans. Fair Jel, 
2 eee 80.0 Trans. Good H-E 


In addition to the materials listed, a number of glands 
from late embryos and fetuses (100-mm. crown-rump 
length upwards) and newborn children, through the 
first month of postnatal life, were collected by the author, 
fixed in Bouin’s fluid, and stained by various means, 
including hematoxylin and eosin, Mallory-azan, and 


chrome alum hematoxylin counterstained with phloxine 
or Mallory trichrome in which the aniline blue was re- 
placed with light green SF, C. I. No. 670. Portions of 
some of the glands were fixed in Bouin’s and then 
placed in a saturated solution of potassium dichromate 
at 37°C. for 72 hours, after fixation, to preserve the 
lipids, according to the method suggested by Thomas 
(1948) for spheroid bodies in nerve cells. Frozen sections 
were prepared and stained for lipids with Sudan III, as 
were some of the post-chromated sections. 

Adrenals of children and adults were selected from the 
pathology collections in the United States Naval Hospi- 
tals in St. Albans, New York, and Camp Lejeune, North 
Carolina. All were fixed in neutral formalin and stained 
with hematoxylin and eosin or hematoxylin and phloxine. 

Adrenal glands in the macaque embryos in the Car- 
negie Collection were examined, as were glands from 
adult cats, hamsters, and guinea pigs, to see whether cell 
types in the human were species specific. 


DEVELOPMENT OF THE ADRENAL CORTEX 


The adrenal primordium is first recognizable in em- 
bryos early in horizon xv (fig. 1; fig. 8, pl. 1). A change 
in the characteristics of the cells of the celomic epithelium 
over the area between the gastric mesentery and the 
lateral extremity of the mesonephros can be seen late in 
horizon xiv, but not until horizon xy is a new type of 
cell (type C-I) found in the mesenchyme dorsal to the 
epithelium in this region. It can be traced by continuity 
of cords from the celomic epithelium (fig. 10, pl. 1). The 
portion of the celomic epithelium medial to the meso- 
nephros produces cells destined for the adrenal cortex, 
whereas the region ventral to the mesonephros produces 
cells destined for the gonad. In the earliest stages, cells 
from the two areas are morphologically similar. 

Mitotic figures are seen in profusion in the celomic 
epithelium, and cells in various stages of differentiation 
are present immediately dorsal to it. The orientation of 
the mitoses is such that one daughter cell is seen in the 
developing primordium while the other remains in the 
epithelium. It is suggested that, in this manner, as cells 
are formed, the epithelium moves ventrally, leaving 
columns of cells in the primordium (figs. 9, 10, pl. 1). 

In the epithelium, the cells, which are cuboidal to low 
columnar, are crowded together. The chromatin of the 
nuclei is fairly dense, and there is little cytoplasm. As the 
cells move into the adrenal (and the gonadal) area, 
they increase in size and assume thé form of large 
polyhedral epithelioid elements with light-colored, eosino- 
philic cytoplasm. The nucleus also enlarges; it becomes 
spheroidal, with a relatively small amount of chromatin 
loosely arranged in fine strands and small knots. The 
nucleolus is somewhat eccentrically placed, and the center 
of the nucleus is occupied by a large spherical refractile 


body which displaces about one-tenth of the nuclear 
volume (fig. 10, pl. 1; fig. 38, pl. 8). 

In horizon xv, a change appears in the characteristics 
of the cells in the medial wall of the capsule of the meso- 
nephric glomerulus (fig. 2; fig. 11, pl. 1; fig. 12, pl. 2). 
Until this time, the cells of Bowman’s capsule are large 
and squamous, having biconvex nuclei. As the new 
cells (type C-II; fig. 23, pl. 4) are produced, they are 
columnar, with their long axes at right angles to the 
capsular surface. In figure 13 (pl. 2), some of these cells 
have already migrated into the adrenal primordium. 
During horizon xvi, there is an enormous immigration 
of cells originally derived from Bowman’s capsule. For 
the most part, they leave the medial surface of the 
glomerular capsule and pass medially just beneath the 
celomic epithelium as a layer four or five cells deep (fig. 
33 figs. 14, 15, pl. 2). Toward the dorsal portion of the 
medial surface of the actively proliferating Bowman’s 
capsule, near the hilum of the glomerulus, are located 
cells which send their progeny into the dorsolateral part 
of the primordium. At first, these cells are comparatively 
few, but they form a nidus which sends forth a great 
shower of cells to the adrenal and the gonad in horizon 
XVili (figs. 22, 23, pl. 4). 

The cytoplasm of these type C-II cells is inconspicuous 
in horizon xvi. The nuclei, however, are distinctive, 
for they are long ellipsoids. The chromatin is scanty and 
is distributed in very fine strands that weave a coarse, 
netlike pattern beneath and close to the nuclear mem- 
brane. Where the strands intersect, there are small knots. 
A few of the strands touch the nucleolus, which is an 
irregular, small, flat mass lying in contact with the 
nuclear membrane, usually near the middle of the long 
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axis. The nucleus is translucent. Its center is occupied by 
one or two ellipsoid globules or vacuoles. Figure 39 
(pl. 8) shows a type C-II cell in the cortical cords of an 
embryo in horizon xxiii. 

In horizon xvi, also, the first evidence of a change in 
the cell types in the celomic epithelium is seen. Cell 
type C-I is still present and continues to multiply in the 
celomic epithelium, together with another cell type having 
a smaller, darker nucleus, type C-II] of the adrenal cortex 
(fig. 4o, pl. 8). The cells emerge and enter the gland 
primordium in columns in juxtaposition to, but discrete 
from, the type C-I cell columns. The difference between 
the two types can be seen clearly after they enter the 
primordium. The new cell is smaller; its nucleus is three- 
fifths to three-fourths the size of the nucleus of type C-I. 
The chromatin appears clotted. There are four to five 
fairly large clumps of deeply staining basophilic ma- 
terial connected by ragged strands. The nucleolus is 
erratically placed and rarely central. As a rule, two or 
more small globules or vacuoles can be made out in the 
center of the nucleus. The cytoplasm is more basophilic 
than in types C-I or C-II. 

From the first appearance of the primordium until 
well into horizon xviii, mitotic figures are seen in the 
central portion of the gland. Most of these mitoses are 
in blood cells, others in the capillary endothelium, but 
some are in cells of types C-I or C-III. As far as can be 
seen, type C-II cells do not enter the body of the gland 
until horizon xxii. 

In horizon xvi, nerve tissue in and around the sympa- 
thetic ganglion begins to grow and extend, passing 
ventrally between the gland and the aorta along the 
caudal third to half of the gland. Cells of neural origin 
have already begun to migrate into the gland, disrupting 
its more or less homogeneous pattern (fig. 3). The 
neural elements tend to pass between the cells of the pri- 
mordium, separating them into islands rather than de- 
stroying them (fig. 4; fig. 15, pl. 2). 

During horizon xvii, the first neural migration is at 
its height. This period is marked by the development 
of the great para-aortic complex of nervous tissue that 


eventually forms the abdominal plexuses. The growth is 
extensive; most of the tissues in the path of the invading 
nerves are penetrated. In the adrenal area, nerve fibers, 
accompanied by large “paraganglion” (type M-III, to be 
discussed later) cells, pass into the cortical primordium 
(fig. 15, pl. 2). Asa result, by the end of the horizon, the 
cortical cells are divided into clusters or islands in the 
dorsal part of the gland. The structure of the ventro- 
lateral portion of the gland, however, is not disturbed 
by the invading nerves. In this area, the cells streaming 
medially from Bowman’s capsule appear to act as a 
barrier to further progress of the nerves (fig. 18, pl. 3). 
The line of demarcation is striking. The celomic epi- 
thelium, which is still actively proliferating, and the layer 
of mesonephric cells are left undisturbed. This is the 
stage in which Keene and Hewer (1927) postulated a 
“permanent cortex” (figs. 17, 18, pl. 3). As will be seen in 
this horizon and in horizons xviii and xix, the pause is 
merely a temporary interruption in the migration of cells 
from the celomic epithelium directly into the primor- 
dium in certain areas. 

The caudal end is the first portion of the cortex dis- 
turbed by the neural migration. All levels have been in- 
volved by the end of horizon xvii. The neural elements 
increase the volume of the primordium in the human 
embryo, so that a cross section late in horizon xvii is more 
than 24 times the area at a similar level at the end of 
the previous horizon. ‘Throughout the remainder of the 
fetal period, the cortical cells increase in number at a 
steady and rapid rate, whereas the neural elements have 
periods of relative quiescence and periods of rapid 
growth. During the growth periods, the relation of the 
cortical cells to the nerve cells may be altered by the 
relative volume of the two elements (figs. 6, 7; figs. 16, 17, 
pl. 3; fig. 28, pl.5). The nerve fibers and neuroblasts are 
not seen in the body of the gland until horizon xxiii, 
except in those areas where they are entering the gland 
or where they are destined to become definitive nerves. 
From evidence found in later stages, it appears that the 
distinctive cells (M-II) destined for the medulla are 
derived from the large cells that accompany the sympa- 
thetic nerves during the primary immigration in horizons 


Figures 1 to 5, drawn to the same scale, X 100, illustrate the 
relative size of the adrenal in horizons xiv to xvii, compared 
with surrounding structures. Figures 6 and 7 represent the dis- 
ruption of the cortex by the neural elements in horizon xxiii. 

Fic. 1. Earliest evidence of adrenal primordium and change 
in character of cells in celomic epithelium over adrenal and 
gonadal areas. 

Fic. 2. Genital and adrenal ridges are formed, with adrenal 
groove separating them. The two groups of cells in the medial 
wall of Bowman’s capsule have differentiated preliminary to 
migration shown in figure 3. Active proliferation in the sym- 
pathetic ganglion is beginning. 

Fic. 3. Active migration of cells from Bowman’s capsule. Be- 
ginning invasion of primordium by sympathetic neural elements. 

Fic. 4. Massive growth of sympathetic elements. So-called 


“permanent” cortex. Cell types C-I, C-II, C-III are present in it. 

Fic. 5. Height of sympathetic invasion. Cortex pattern 1s 
disrupted by sympathetic elements. Rim of cortex is still intact 
along the celomic border. Cells from Bowman’s capsule and 
celomic epithelium are still being added to the primordium. 
Islands of cortical cells are scattered among the neural elements. 

Fic. 6. Conditions near the caudal pole of the adrenal at the 
beginning of the second impetus to growth of sympathetic nerve 
elements. Much of the cortex is displaced. No capsule is yet 
formed in this area. 

Fic. 7. Condition of the gland when proliferation of sym- 
pathetic neural elements is most active. The cortical cords are 
pushed aside to make room for the nerves and chromaffin ele- 
ments. The retiform pattern of the sympathetic is well illus- 
trated. 
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xvi and xvii (see “Development of the Adrenal Medulla,” 
below). 

From horizon xix until horizon xxii, and particularly 
during xxiii, the character of the cytoplasm of the cortical 
cells differs only slightly in the peripheral and central 
zones of the gland. The cells are more densely packed 
in the outer zone of the gland, where there are fewer 
capillaries than in the center. Cells similar in all respects 
to types C-I and C-III, formerly found in the celomic 
epithelium, are closely packed just central to the capsule, 
which is composed of type C-II cells. More centrally, they 
are expanded into the three cortical cell types and are 
grouped into cords of varying thickness by the sinusoids 
(fig. 25, pl. 5). The cord formation started in horizon 
xviii with the beginning growth of the sinusoids. At 
first, there are only a few thick cords near the center of 
the gland. As the sinusoids increase in number and 
ramify toward the periphery of the gland, the thickness 
of the cords is reduced; i.e., the number of cell columns 
per cord diminishes. The gland continues to expand 
peripherally, and the type C-I and type C-III cells are 
found in the cords, supported by the endothelium of the 
sinusoids. 

The characteristics of the cells of the adrenal groove do 
not seem to differ at any time during its existence from 
the cells in other parts of the celomic epithelium which 
pass into the adrenals and gonads (fig. 22, pl. 4). 

The type C-II cells from the nidus (figs. 22, 23, pl. 4) 
are identical with those that came from Bowman’s 
capsule during horizons xvi and xvii, described above. 
During horizon xix, these cells come to lie on the surface 
of the gland on all sides, forming the capsule of the 
gland. Where its surface is in contact with the celomic 
cavity, the capsule assumes a position in direct contact 
with the peritoneum, either by migrating there or as a 
result of migration of the epithelial cells inward, leaving 
the mesonephric cells to take their place. The former 
seems more likely, since many groups of cells of types 
C-I and C-II are found outside the capsule as accessory 
adrenals. Also, in figure 23 (pl. 4), the cells from the 
nidus are seen to be migrating between the cells in the 
celomic epithelium. 

By horizon xx, the layer of cells of type C-II is found 
around the periphery of the gland as a loosely organized 
capsule (fig. 25, pl. 5). During horizons xxi and xxii 
(fig. 26, pl. 5), the capsule becomes better organized and 
is covered with a layer of fibrous tissue, and arteries ap- 
pear over the surface. The celomic surface is now covered 
by peritoneum. With further development of the fetus 
and growth in the perirenal area, the gland soon becomes 
completely separated from the peritoneum. 

During horizon xviii, the cortical elements are restored 
to order (fig. 24, pl. 5), and the succession of events pro- 
ceeds. The reorganization of the gland is brought about 
early in the horizon by a rapid migration of cells from 


the celomic epithelium and multiplication of the cells 
in the islands and around the periphery of the gland. 
Since most mitoses are at or near the surface, the gland 
grows centrifugally; i.e. as cells form they remain in 
place, enlarging and differentiating, and new ones are 
added at the surface. The gland is not yet separated 
from the celomic epithelium except caudally. In the 
caudal region, it expands retroperitoneally on the left 
late in horizon xvii; on the right, it expands dorsal to the 
liver. Cells continue to proliferate from the celomic epi- 
thelium until, in horizon xix, the gland is separated from 
it by the spreading type C-II cells. 

The separation begins in horizon xviii. When the 
nidus formed by cells from the dorsal portion of the 
mesonephric glomerular capsule during horizon xvi and 
early xvii (fig. 22, pl. 4) springs into activity, the cells 
from this source spread around the periphery of the 
gland, some dorsally but most ventrally. Those passing 
ventrally are split by the prominent adrenal groove, part 
going to the adrenal and part to the gonad. 

In horizon xxiii, the capsule, which is now completely 
formed, is penetrated in many areas by arterial capillaries 
which join the sinusoids. Where they enter, the capsule 
appears to be invaginated, so that the surface of an en- 
larged model of the gland would have a cobblestone ap- 
pearance (fig. 27, pl. 5). 

The glomerular zone is now formed (fig. 27, pl. 5). 
It is composed of nests of types C-I and C-III cells, simi- 
lar in all respects to their ancestors in the celomic epi- 
thelium during the embryonic period, held in place by 
the canopies of capsular (type C-II) cells between the 
penetrating arterial capillaries. The cells of types C-I and 
C-Il] in the glomeruli are closely packed, with little 
cytoplasm and with compact nuclei. The number of each 
cell type varies widely from one glomerulus to another, 
the distribution apparently depending on the random 
location of the two types in the periphery of the gland 
when the glomeruli were formed in horizon xxiii. The 
nuclei of the C-II type cells in the capsule, which changed 
from plump, translucent ellipsoids to compact spindle 
shape during horizon xxi, resemble nuclei of fibrous con- 
nective tissue. If embryos of the transitional period had 
not been available, the identity of these cells would have 
been lost. 

As new cells of types C-I and C-III are formed in the 
glomeruli, they migrate, or are forced by the ws a tergo 
of multiplying cells, toward the center of the gland in 
cords between the capillary tributaries of the sinusoids. 
During the exit from the glomerulus, they are joined 
by the type C-II cells from the capsule, which are matur- 
ing and moving from the surface toward the center of 
the gland on the surface of the cords and along the 
arterial capillaries and sinusoids (fig. 27, pl. 5; fig. 36, 
pl. 8). All three types of cortical cells are now found in 
the cell cords in a more or less random pattern. Where 
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the cords are straight enough, however, it is possible to 
see each type of cell in a chainlike arrangement side by 
side with one or both other types of cells. By the time 
the fetus is 40 mm. in crown-rump length, the cells of 
type C-II are as numerous as those of the other types 
and are found in proportionate numbers in relation to 
them and well down the length of the cords. 

At about 35-mm. crown-rump length, the cytoplasm of 
all cells in the central region of the gland becomes finely 
granular and markedly eosinophilic, and some of the 
cells near the large venous channels in the center seem 
to be vacuolated. 

Between horizon xx and 50-mm. crown-rump length, 
the gland develops a pyramidal form with an overhang- 
ing lip on the medioanterior border because of the ad- 
justment to the enlarging metanephros posterolaterally. 
During the next 10 to 15 mm. of growth, the adrenal 
vein and its three tributaries are formed (see “Develop- 
ment of Blood Supply of the Adrenal”). At the same 
time, the cords of cells from the periphery of the gland 
appear to disintegrate in the central portion (figs. 32-34, 
pl. 7). After this disintegration, the walls of the gland 
begin to collapse around the veins. The collapse is not 
complete, however, since the cells in the glomerular 
zone are still multiplying rapidly and going into the 
cords. The growth is about the same on all sides; there- 
fore, the cords from the periphery to the three tributary 
veins are approximately equal in length. The gland then 
assumes a trilobate form, with a vein as the axis of each 
arm. Under normal conditions, there is little folding of 
the capsule during fetal life such as is found after the 
first postnatal month. The rapid replacement of the cells 
in the cords during fetal life keeps the gland plump and 
the capsule relatively smooth. 

When the cells emerge from the glomerular zone into 
the cords, and the cytoplasm expands, they assume poly- 
hedral shapes, owing to their compaction. In the periph- 
eral portion of the fasciculoreticular zone, there are 
six to twelve or even more cells in a cross section of a 
cord. The cytoplasm has a lightly homogeneous baso- 
philic appearance. 

As the cells progress farther toward the center of the 
gland, the cytoplasm of some cells, without reference to 
type, becomes acidophilic and then granular. Inclusions 
in the cytoplasm of most of the cells will now stain with 
Sudan III. Next, each such cell swells to two to three 
times its previous size, rounds out, and crowds its neigh- 
bors. The nucleus, in the meantime, also enlarges; the 
globules within it increase in size and break up into 
numerous smaller ones. Finally, the parts of the nucleo- 
plasm appear to undergo autolysis, and the nuclear mem- 
brane gives way, spilling its contents into the cytoplasm. 
The cell in turn collapses and disintegrates, and the intra- 
‘cellular material disappears. The surrounding cells close 
in and fill the space, narrowing the cord by that much, 


so that the volume of all of the cords is constantly being 
reduced. Many of the cells retain their homogeneous 
appearance well down the cord, but the vast majority 
disintegrate, as described above. 

It is not in one cell, in a cord, or at any one level that 
the process goes on, but in many cells at all levels of the 
cords at the same time. Thus, in the central part of the 
gland there is considerable variation in the appearance 
of the cords. In the fetal gland, the whole of the central 
part of the gland has a light, mottled appearance because 
of the contrast between the “light” cells, which are ac- 
tively maturing and disintegrating, and the “dark” cells, 
which have not yet begun to disintegrate. 

Many of the cells in the adult gland approach the 
center of the gland in cords one or two cells thick. The 
support for these cords is slight, either from neighboring 
cords or from the sinusoid walls. The cords become er- 
ratic in their direction, and form a much more reticular 
pattern here than farther toward the periphery. Any one 
or all cell types may be found in these attenuated cords. 

The presence of fascicular and reticular zones, per se, 
during fetal life, is not a normal condition. The one 
exception is at the 50- to 60-mm. stage, just previous to 
the degeneration of the central portion of the gland dur- 
ing the formation of the central veins, when there may be 
an ill-defined fascicular zone. After 75 mm., the growth 
of the gland is very rapid in a limited space, and the 
cords take an erratic course and have a reticular appear- 
ance regardless of the plane in which the gland is sec- 
tioned. The rapid destruction of cells in the cortex, as 
described above, leaves few cords intact to reach the veins, 
and, furthermore, since the medulla, with its interstices 
between the groups of chromaffin cells, has not yet been 
formed, there is no place for the residual cords to grow 
to form a reticular zone. For these reasons, the whole 
central portion of the gland can be designated the fascicu- 
loreticular zone. It is this portion of the fetal gland that 
is now, by general usage, called the fetal cortex. Because 
it degenerates beginning immediately after birth and is 
eventually replaced by the fascicular and reticular zones 
and the medulla, the term is acceptable, particularly be- 
cause of its long usage in the literature, provided that it 
is understood that the “fetal cortex” is composed of cells 
derived from the same sources as the “permanent cortex.” 

Beginning a few hours after birth, degenerative 
changes and marked hyperemia are present in the fas- 
ciculoreticular zone. By the end of a week or 10 days, 
there is almost complete disorganization of the cortical 
elements central to a relatively wide band of basophilic 
cells, which includes the capsule and glomerular zone. 
The gland has shrunk in size to compensate for its loss 
of substance. By 4 to 6 weeks, the shrinking is almost 
completed. 

The components of the chromaffin system, which had 
been distributed throughout the fasciculoreticular zone 
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in a retiform manner during fetal life, have become con- 
centrated about the central veins; they will be described 
under “Development of the Adrenal Medulla.” 

The histologic description of the postnatal degenera- 
tion of the fasciculoreticular zone was presented by Kern 
(1911), and has been confirmed by the author. Morpho- 
logic and volumetric changes have been elucidated by 
Lewis and Pappenheimer (1916), Scammon (1925-1926), 
Keene and Hewer (1927), Benner (1940), and Hunter 
(1954). 

The fascicular and reticular zones of the postnatal 
gland develop from cells in the capsule and glomerular 
zone during the regenerative period. When the fascicular 
zone is formed, not all the cells in its cords disintegrate 
during their passage from the glomerular zone; attenu- 
ated cords one to two cells thick continue on into the in- 
terstices between the nests of chromaffin cells around the 
veins. These attenuated cords form the reticular zone. 
Surrounding the medulla there is an area in which the 
cords become tortuous, and the intervening spaces are 


filled with large blood sinuses. The reticular zone be- 
comes a constant, although a rather poorly organized, 
feature of the adrenal during the second year of life, 
and assumes its permanent characteristics by the end of 
the twelfth year. 

In the adult gland, the cells of the fascicular zone and 
the peripheral part of the reticular zone degenerate by 
swelling and disintegration. A few of the cells in the 
cords in the terminal portion of the reticular zone may 
also degenerate. In general, the cells in the reticular zone 
have a homogeneous or finely granular cytoplasm similar 
to that of the cells in the outermost fascicular zone. They 
may even have a hyalinized appearance. In older indi- 
viduals, some of the cells near the veins contain brown 
pigment, the nature of which has not been established 
to the author’s satisfaction. The usual fate of the cells in 
the adult reticular zone is a characteristic shrinking of 
the cell, pycnosis of the nucleus, and phagocytosis of 
the remains. Except as stated above, these conditions are 
not found in a normal fetal gland. 


DEVELOPMENT OF THE ADRENAL MEDULLA 


The development of the adrenal medulla has been the 
subject of much controversy since the beginning of the 
century. Wiesel (1902) and Zuckerkandl (1912) have 
given the classic descriptions. ‘The findings of the present 
study are consistent with the descriptions by those 
authors, but a few additional observations may be helpful 
for a further understanding of the developmental process. 

During horizon xiv, the paravertebral sympathetic 
ganglia begin to increase in size as a result of cell division 
and the addition of nerve fibers from the rami com- 
municantes. At this stage, there are three types of cells 
in the ganglia, as differentiated by the character of the 
nuclei. One type of cell, M-I, is small, with a small, 
round, compact nucleus, and tends to be located at the 
periphery of the ganglion. In a second type of cell, M-I], 
which is not illustrated, the nucleus is larger, and the 
chromatin is decidedly basophilic and coarsely clumped. 
A few of these cells have a teardrop nucleus and may 
have developing axonal processes. A third type of cell, 
M-III (E, fig. 37, pl. 8), has a large ellipsoid nucleus. 
The chromatin is scanty, and is evenly distributed in fine 
particles. The nucleoplasm has a pale lilac tint when 
stained with Mallory-azan, a characteristic of these cells 
until they mature into chromaffin cells. They are the 
“sympathetic formative cells” of Wiesel (1902), the “para- 
sympathetic cells” of Zuckerkandl (1912). 

During horizons xv and early xvi, all types of cells 
increase in number. Mitoses are present in the ganglia, 
markedly increasing in horizon xvi. Late in horizon xvi, 
nerve fibers begin to appear ventrally and laterally from 
the ganglia, accompanied by the M-I and MII cells. 
The M-I cells are arranged around the nerve fibers; the 
MLIII are sparsely scattered among the fibers. The M-II 


cells remain in the ganglia and become the sympathetic 
ganglion cells. The nuclei of the M-I cells change their 
shape from spherical to compact ellipsoid when they 
leave the ganglia. 

During horizons xv through xviii, the adrenal pri- 
mordium is a cigar-shaped structure extending from 
the 6th thoracic to the rst lumbar segment, lateral to the 
aorta and mesogastrium. The bundles of nerve fibers and 
cells, which pass laterally, enter the adrenal primordium 
as finger-like processes and pass between the future corti- 
cal cells, splitting them into islands (figs. 3-5; fig. 15, 
pl. 2; figs. 16-18, pl. 3). The nerves leaving the ganglia 
tend to pass caudally and ventrally before branching 
laterally into the adrenal primordium. As a result, rela- 
tively few processes enter the cephalic pole of the pri- 
mordium; a larger number enter the caudal pole, owing 
to the presence of the 11th and 12th ganglionic nerve 
fibers. Most of the nerve fibers and their accompanying 
cells, from ganglia 6 to 10, take a ventrocaudal course 
along the lateral side of the aorta, between it and the 
adrenal primordium, and eventually become the splanch- 
nic nerves. The splanchnic nerves, combined with the 
fibers from the 11th and 12th ganglia, form a relatively 
huge mass in the caudal end of the adrenal primordium. 

By the end of horizon xvii, the neural tissue has in- 
vaded the gland in such quantity that the volume of the 
adrenal primordium has been greatly increased. In the 
caudal half of the gland, the cross-sectional area is more 
than twice that in the previous horizon (figs. 16, 17, pl. 
3; also p. 198), whereas the cephalic end is only slightly 
enlarged. The whole plexiform complex is derived from 
the 6th to the 12th thoracic and usually the 1st lumbar 
paravertebral sympathetic ganglia. Included in it are 
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the primordia of the celiac, the superior mesenteric, and 
the renal plexuses, as well as the adrenal medulla. 

There is a quiescent period during horizons xvii 
through xxii in which the increase in cells and nerve 
fibers is limited principally to the definitive nerves. Be- 
tween the aorta and the adrenal, the splanchnic nerves 
are beginning to take form. 

During horizon xxiii and continuing through embryos 
of 50- to 60-mm. crown-rump length, there is a very rapid 
multiplication of the M-III cells that accompanied the 
nerve fibers during the initial neural growth in horizons 
xvi and xvii. These paraganglion cells, as they are called 
in the literature, are scattered like seeds along the course 
of the nerve tracts. At first, and continuing until about 
80-mm. crown-rump length, they multiply as embryonic 
cells, but, from 30-mm. crown-rump length until birth, 
at least, there are always some that are differentiating 
into chromaffin cells (fig. 37, pl. 8). This transforma- 
tion is found in all parts of nerve plexuses derived from 
the primary neural invasion, which began in horizon 
XVI. 

Within the confines of the capsule of the adrenal, 
terminal nerve fibers have not been seen to penetrate 
or extend through it, once the capsule has been formed. 
Primary nerve tracts entering the gland, before encapsula- 
tion, particularly in the hilar area (fig. 28, pl. 5), as well 
as a few other isolated areas scattered over the surface 
of the gland (fig. 29, pl. 6), maintain their place of entry 
indefinitely. 


In the adrenal, the pattern of distribution of the sympa- 
thetic nerves, with the accompanying paraganglion cells, 
is established by the end of horizon xvii. It consists of a 
plexus of nerves similar in all respects to the periaortic 
plexuses. Its extent is, as was stated above, circumscribed 
by the adrenal capsule. When the rapid multiplication of 
the paraganglion cells begins in horizon xxiii, the few 
cells which migrated into the area originally act as nidi 
from which islands of these cells develop. They are scat- 
tered throughout the cortex, without definite organiza- 
tion. During the fetal period, the distribution of the 
neural and chromaffin elements is in all respects similar 
to the adult condition in birds (as described by Hartman 
and Brownell, 1949). They are not oriented with refer- 
ence to the central veins during the fetal period (fig. 35, 
jak Wo 

The maturation of the paraganglion cells into chromaf- 
fin cells begins in horizon xxiii (fig. 37, pl. 8) and con- 
tinues into the neonatal period. 

The degeneration of the central portion of the gland 
during the first postnatal month of life, so beautifully 
described by Kern (1911), results in the loss of support 
for the plexus of nerves which has, up to now, been held 
in place by the reticulum and cords of the cortex. With 
this support gone, the neural elements migrate to the 
nearest stable structure—the central veins—where they 
remain. 


DEVELOPMENT OF BLOOD SUPPLY OF THE ADRENAL 


Throughout the late somite stages and through the 
first half of horizon xvi, a small branch of the post- 
cardinal vein runs in a cephalocaudal direction through 
the region where the adrenal will develop. It is this 
vein that Velican (1950) states will become the central 
vein of the adrenal. He says, also, that the adrenal pri- 
mordium forms about it as a muff. Carnegie embryo no. 
8066, section 9-2-3, horizon xiii, 5.3 mm. (not illustrated), 
exemplifies the condition of which he speaks. How- 
ever, under higher magnification, these cells are seen to 
be no different from those entering the mesenchyme 
from the celomic epithelium in general. They do not 
have the characteristics of the cells found in the celomic 
epithelium between the mesogastrium and the lateral 
border of the mesonephros during horizon xiv and in the 
primordium thereafter (fig. 1; fig. 8, pl. 1). They may 
appear massed here because of the mechanical impedi- 
ment offered by the vein. 

This vessel and its branches drain the area until cells 
from the first celomic invasion become differentiated in 
the region. The vein loses its identity by the middle of 
horizon xvi. From then until horizon xviii, the venous 
drainage of the developing gland is by way of segmental 
veins paired with the mesonephric arteries. During late 
horizon xiv, and horizons xv, xvi, and early xvii, the 


blood enters the gland at the dorsolateral corner from a 
branch of each mesonephric artery, which breaks up 
into a globular arborization of capillaries. The capillaries 
pass between the cords of cells and collect to form a vein 
for each body segment, which begins near the ventro- 
medial border of the primordium. These veins pass 
laterally and dorsally, receiving the bulk of the blood 
from the adrenal primordium through a few larger 
capillaries, and enter the postcardinal vein together with 
the veins from the mesonephros and genital ridge. These 
veins are the forerunners of the subcardinal-postcardinal © 
anastomosis. The condition is well illustrated in Carnegie 
embryo no. 8101, slides 25 and 26, horizon xvii (not 
illustrated). 

After the invasion of the neural elements, this vascular 
arrangement is disorganized, and in late horizon xvii and 
early xviii a new method of supply and drainage is 
initiated. At this time the central portion of the gland is 
made up of capillary blood sinuses and cords of the cells 
that formerly occupied the area. Nerve cells M-I and 
M-III are irregularly dispersed among the cortical cells 
and along the walls of the blood sinuses (figs. 3-5). The 
vascular channels anastomose freely, and soon become 
the sinusoids of the fetal cortex. 

During horizon xviii (11 to 14.5 mm.; Carnegie em- 
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bryos nos. 6524, 6527, 7707), by proliferation of the corti- 
cal cells in the central area and by a rapid accretion from 
the celomic epithelium and the mesonephric cell nidus, 
the cortex recovers from the effects of the neural inva- 
sion. Reticular cords of cells separated by the sinusoids 
have formed in the central portion of the gland. 


Carnegie embryo no. 7707 (not illustrated) shows the 


two methods of drainage at this stage; i.e., in each seg- 
ment blood flows both into the postcardinal veins and 
into the subcardinals. By comparison with previous 
horizons, it will be noted in figure 21 (pl. 4) that the 
subcardinal vein has grown to approximately the size 
of the postcardinal vein, which, in relation to the other 
structures, is now smaller. These efferent veins are the 
beginning of the adrenal veins in the adult. They empty 
into those portions of the subcardinal veins that will be- 
come the inferior vena cava on the right and the adrenal 
vein on the left. As the gland grows, the vein of exit is 
located more laterally (compare fig. 24, pl. 5; fig. 3r, pl. 
7). The blood supply to the sinusoids is still from 
branches of the mesonephric arteries; the venous return, 
however, is tending to the now burgeoning subcardinal 
veins. At first, there are numerous efferent veins, rem- 
nants of the postcardinal-subcardinal anastomosis, empty- 
ing into the subcardinal veins. The number is rapidly 
reduced so that by the end of horizon xxiii there are 
only two or three at the most, but usually only one vein 
Ole EKaite (Hy, Zit, jall, WP) 

By the time this has happened, large central sinuses 
form an irregular confluence into the vein of exit. A 
central vein, such as exists in the mammals usually 
studied, is not found in the human gland, which is 
trilobate. There are really three central veins and one 
vein of exit: the adrenal vein. In an embryo of 37 mm. 
(Carnegie no. 4415, 106-1-3; fig. 31, pl. 7), the number 
of sinuses has been reduced to three main sinuses, one 
of which runs from posterolaterally, a second from the 
cephalic pole, and the third from the caudomedial pole. 
They coalesce into the large vein of exit. These sinuses 
are only irregular channels until the definitive arrange- 
ment has been accomplished as seen in embryo no. 84, 


51-2-1, 54 mm. (fig. 32, pl. 7). 


The adrenal veins empty into the hepatic portion of 
the developing vena cava on the right side, as encoun- 
tered in embryo no. 8553, 83-4-5, horizon xxi (not il- 
lustrated); they enter at a much higher level than that 
described and diagrammed by McClure and Butler 
(1925). It is the more cephalic branches that are retained 
by both glands. 

In horizon xviii, during the reconstitution of the cortex 
and the beginning formation of the permanent blood 
supply and drainage, several of the former mesonephric 
arteries metamorphose into permanent form. Among 
them are the adrenal, the diaphragmatic, the renal, and 
the gonadal arteries. Branches from any or all of these 
arteries may be retained. Since the gland is growing 
principally from the ventral surface at this time, the 
mesonephric arteries are pushed dorsally. The branches 
that formerly supplied the gland still function, supplying 
blood principally from the dorsolateral surface. Grad- 
ually, as the major portion of the blood is drawn off from 
many of the arteries to supply other organs and struc- 
tures, one vessel gains ascendancy and becomes the 
adrenal artery while branches of the others remain in an 
auxiliary role. 

This condition prevails in horizon xix. During the 
next three horizons, the capillaries begin to spread over 
the surface of the gland, sending branches through the 
capsule. In horizon xxiii, there is a rapid growth of the 
arterial vessels and their connections with the sinusoids 
beneath the capsule, producing a picture like the one 
shown in figure 27 (pl. 5). A retiform plexus of arterial 
vessels is formed in and superficial to the capsule of the 
gland. A few of these vessels eventually differentiate into 
arteries, but most of them remain capillaries or arterioles 
as growth and development progress. Whether or not 
there are arteries passing through the substance of the 
cortex to anastomose directly with the central veins could 
not be determined from available material. 

This account presents the general relation of the 
arterial supply, sinusoid circulation, and venous return 
throughout life, with minor variations due to changes in 
configuration. 


DISCUSSION 


Before discussing some of the controversial points in 
the development of the human adrenal gland, a short 
résumé of the findings during the present investigation 
is in order. 

The earliest evidence of the adrenal primordium is 
found in horizon xv, when type CI cells enter the 
mesenchyme between the aorta and the mesonephros 
from the level of the 6th to the 12th thoracic segments. 
During horizon xvi, type C-II cells enter the ventral 
surface of the primordium from the capsule of the meso- 
nephric glomeruli. A nidus of these cells is formed in 
the primordium just ventral to each segmental meso- 


nephric artery, from which type C-II cells migrate into 
the adrenal periphery during horizon xviii to become the 
capsule in horizon xxii. In horizon xvi, cell type C-III 
makes its appearance in the primordium by migrating 
from the celomic epithelium together with type C-I cells. 

The dorsal portion of the whole primordium is dis- 
organized in horizon xvii by the invasion of sympa- 
thetic nerves and the “parasympathetic” cells of Zucker- 
kandl (1912), while the band of C-II cells and the celomic 
epithelium remain intact. 

During horizon xviii, the gland becomes reorganized. 
The C-I and CII type cells continue to enter the pri- 
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mordium as before; some of these cells situated in the 
periphery of the primordium begin to multiply, as is 
evidenced by mitotic figures. The disruption by the 
sympathetic elements in the previous horizon (xvii) 
causes a change in the blood supply and drainage in the 
central portion of the gland. Sinusoids have begun to 
form and divide the primordium into thick cords. Type 
C-II cells from the actively proliferating nidus spread 
around the periphery of the primordium. In horizon 
xix, the C-II cells move to the peritoneal surface, and 
migration of C-I and C-III cells from the celomic epi- 
thelium ceases. By horizon xxii, the type C-II cells have 
changed to resemble fibrocytes. 

During horizon xxiii, the pattern of the arterial blood 
supply is established; the glomerular zone containing 
types C-I and C-III cells is formed, and type C-II cells 
enter the cortical cords, for the first time, along with the 
other two types. From this stage on, the changes in the 
gland are mostly morphological. The source and distri- 
bution of the three cell types remain essentially the same 
throughout life. 


ADRENAL CoRTEX 

Early in this century, anatomists (Wiesel, 1902; Soulié, 
19033 Poll, 1906) described the origin, mode of formation, 
and perpetuation of the adrenal cortex. Kern (1911) 
adequately considered the postnatal involution. Soulié 
(1903) is responsible for the concept of the cortex de- 
veloping from little buds of celomic epithelium, which 
resulted from a similar condition found in his researches 
on lower vertebrates and transferred to higher classes, 
and which still persists in the literature (Felix, 1912; 
Jordan and Kindred, 1948). From his descriptions, he 
also may have mistaken the primary tubule formation in 
the gonad in the human as the source of the epithelioid 
cells in the adrenal. It is now generally agreed that no 
buds are found in mammalian primordia (Keene and 
Hewer, 1927; Uotila, 1940). 

The cellular composition of the fetal cortex is the same 
as that of the postnatal or permanent cortex. Having 
served its function, the fetal cortex degenerates after 
birth and is replaced by the adult type of cortex, which 
derives its cells from the glomerular zone and the 
capsule in the same manner as did the fasciculoreticular 
zone in the fetus. Until recently, there has not been 
sufficient evidence concerning the chemistry of the fetal 
cortex to warrant discussion of its possible functions. 
After this paper had been outlined, Benirschke, Bloch, 
and Hertig (1956) and Bloch, Benirschke, and Rosem- 
berg (1956) published a substantial body of evidence 
which indicates that the early fetal adrenal cortex synthe- 
sizes primarily weak androgenic steroids and a sodium- 
retaining factor similar to aldosterone. Cis steroid syn- 
thesis is considered to occur in the fetal zone with de- 
creasing activity as fetal age advances; according to these 


authors, C2: steroidogenesis is performed by the defini- 
tive cortex. They advance the hypothesis that the fetal 
and reticular zones are sites of adrenal androgen pro- 
duction, whereas the fascicular and glomerular zones, 
respectively, are the sites of glucocorticoid and mineralo- 
corticoid synthesis. By evidence deduced in the present 
investigation, the “fetal cortex” is composed of cells orig- 
inating in the glomerular zone and capsule. No reference 
is made by these authors to cell types in which lipids are 
demonstrated. The location and time of appearance of the 
demonstrable steroids are possibly dependent upon the 


' functional activity of the gland initiated by the pituitary 


or hypothalamus. 

The term “fetal cortex” was introduced into the litera- 
ture by Keene and Hewer (1927) as descriptive of a 
structure formed by cells from the celomic epithelium 
before the stage corresponding to Streeter’s horizon xvii 
(1951). According to them, the “fetal cortex” is segre- 
gated from the celomic epithelium by a band of connec- 
tive-tissue cells, and from then on is self-perpetuating. 
Politzer (1938) and Uotila (1940) express the same opin- 
ion. Figure 17 (pl. 3) illustrates the condition described 
by all these authors. In most areas in embryo no. 6758, 
from which the illustration was taken, as well as other 
embryos in horizons xvii and xviii, the continuity be- 
tween the celomic epithelium and the central portion of 
the gland is retained. 

Keene and Hewer (1927), on the basis of four embryos, 
of 5, 10, 12, and 18 mm., respectively, in the period of 
the primordium development, postulated a fetal cortex 
and a true cortex. The 5-mm. embryo showed no adrenal 
primordium. The 1o-mm. embryo was “unfortunately 
cut obliquely,” so that the relations were distorted. Their 
description is accurate for this stage. In the 12-mm. 
embryo, “the cells of the celomic epithelium immediately 
on either side of the root of the mesentery are no longer 
columnar and are proliferating, forming a cap of cells 
3 or 4 layers thick over the developing gland (better 
seen in-an 18mm. embryo); some of these cells tend to 
push posterolaterally between the mesonephros and the 
suprarenal mass.” This is a fairly accurate description 
of embryo no. 6742, 11 mm., as shown in figure 4; figure 
3, however, shows that the apparent layers of cells 
posterior to the celomic epithelium are derived from 
Bowman’s capsule. 

Uotila (1940) followed the lead of Keene and Hewer, 
utilizing a larger number of embryos. His statement 
that the gland is separated from the celomic epithelium 
at both poles in embryos between 9 and 10 mm. in 
length is confirmed. Sagittal sections, however, show 
three-fourths to two-thirds of the length of the gland to 
be in contact with and receiving cells from the celomic 
epithelium until the embryo has attained a length of 19 
to 20 mm. Uotila also says, “In an embryo of 9.4 mm. 
a thin layer of mesenchymal cells definitely intervenes 
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between the glandular epithelium and the mesothelium 
[celomic epithelium], so that separation of the gland has 
been completed.” 

In horizon xviii, after reorganization of the cortex of 
the gland, following its disruption by the sympathetic 
nerves, cell cords from the celomic epithelium continue 
to enter the gland. The cords contain both C-I and C-III 
types of cells, just as they did previous to the neural in- 
vasion. It is only in horizon xix, when the C-II cells 
move to the surface of the gland, that cells cease to enter 
the gland from the celomic epithelium. Figures 11 to 
25 (pls. 1-5) and figure 36 (pl. 8) illustrate the life his- 
tory of the type C-II cells from their first differentiation 
in Bowman’s capsule through their transformation into 
cells resembling fibroblasts in the capsule and final con- 
version to cells in the cords of the cortex. During all this 
time, the nuclei have the characteristics of that in figure 
39 (pl. 8), even though the shape varies, except in the 
capsule, after horizon xx when they are very compact. 
During horizon xviii, when the migration of type C-II 
cells from the nidus is at its height, some of the cells 
enter the primordium of the gonad. These are the cells 
of which Gillman (1948) speaks as “an accretion from 
the mesonephric mesenchyme” that helps form the inter- 
stitial cells of the testes. The three types of cells illus- 
trated in figures 38 to 4o (pl. 8) are to be found in the 
cortex at all times after horizon xxiii in all fetal and 
postnatal glands. The types are not species specific. 

The development of the adrenal is a continuing process 
from the first differentiation of cells in the celomic epi- 
thelium until the adult gland is formed. No interruption 
of the continuity could be found in the material studied; 
only hyperplasia and rapid disintegration make the cen- 
tral part of the fetal gland appear different. 

For many years, it was thought that the regressive 
changes in the early postnatal period were limited to 
primates. Deane (1955) observed in the guinea pig a 
25 per cent decline in volume immediately after birth. 
A similar decline has been found in the hamster (Crow- 
der, unpublished). Development of the adult type of 
cortex begins at 4 to 6 weeks postnatally, and is complete 
by the age of 10 to 11 years, at which time the fascicular 
zone assumes the relative proportion of the gland found 
in the adult. 

When cells are lost from the cords, by disintegration 
or by karyopycnosis, they are replaced by others (cell 
migration) from the glomerular zone and capsule, as is 
suggested by the changes in the cytology of all three types 
of cells from the periphery. 

Whereas Greep and Deane (19494, 19490), on the basis 
of their researches, have no firm conviction concerning 
the concept of cell migration, they do state (1949) that 
“it is an inescapable conclusion that cells which ulti- 
mately come to lie in the inner zone arose from the 
glomerulosa cells,” to which we add “and capsule cells.” 


Reese and Moon (1938) had previously found that 
ACTH prevented degeneration if given before and after 
hypophysectomy. These data suggest, in support of 
embryological findings, that the inner zones are depend- 
ent upon cells from the glomerular zone and capsule for 
their continued existence. 

Jones (1948), by means of mitotic counts, found that 
“Mitoses occur all through the zona glomerulosa with 
the majority towards the inner border.” Schaberg (1955), 
working with adrenal fragments in vitro, found that 
fragments from the peripheral area reproduced both 
capsule and glomerulosa with occasional fasciculate-zone 
cells. He doubts cell migration, but states: “ACTH 
added to the culture media showed an increase in the 
number of cells with a vacuolar cytoplasm suggesting an 
increase in the number of cells which differentiate from 
glomerulosa into fasciculate cells.” 

Two modes of disintegration of the cortical cells are 
of interest and pose a problem for further investigation. 
The one: internal histologic differentiation, swelling, and 
disintegration (p. 201) are found in the fasciculoreticular 
zone of the fetus and the fascicular and outer reticular 
zones of the adult gland. The other: hyalinization, 
shrinking of the cytoplasm, pycnosis of the nucleus, and 
phagocytosis of the cells are found during the first 
postnatal month (Kern, rgr1, and personal observations) 


and in the cells of the innermost cords of the reticular 


zone. It is suggested, subject to further investigation, 
that the two phenomena have some relation to secretion 
or the lack of it. In the fetal gland, all the cells in the 
fasciculoreticular zone disintegrate by the first method, 
few intact cells reaching the center of the gland, whereas 
in the adult gland most of the cells in the fascicular and 
outer reticular zones disintegrate in the same manner. 
A few of the cells fail to change their internal structure 
during their passage through the fascicular zone, retain- 
ing their integrity in the attenuated cords of the adult 
reticular zone, where they are removed by the second 
mode of disintegration. 

The question arises: Are these modes of degeneration 
in any way associated with secretion? It is not in the 
province of this discussion to consider that question. 


AprenaL MEDULLA 

Wiesel (1902), Poll (1906), and Zuckerkandl (1912) 
have described the development of the neural elements 
and the chromaffin cells in the fetal adrenal from 10 
weeks to term. Wiesel and Zuckerkandl described and 
named the cells which become the chromaffin cells. 
Wiesel called them “sympathetic formative cells,” and 
Zuckerkand] “parasympathetic cells,’ a term now gen- 
erally used. None of the above authors or any others of 
whom the present author is cognizant describe the em- 
bryonic or postnatal phases of development. The de- 
velopment during the embryonic period was described 
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under “Development of the Adrenal Medulla” (pp. 202- 
203) and illustrated by figure 15 (pl. 2) and figures 16 
anirel up (Gall, &)). 

The author has been unable to find in the literature 
a description of the movement of the medullary elements 
to the central portion of the gland and the formation of 
a definitive medulla during the early postnatal period. 
Kern (1911) touches upon it, but only in passing. 

Other authors (Elliott, 1913; Hollinshead, 1936; Swin- 
yard, 1937; Young, 1939) have shown by section of the 
nerve roots and the splanchnic nerves that the integrity 
of the nerve supply to the medulla is dependent upon 
the continuity of spinal roots from thoracic-6 through 
thoracic-12 or lumbar-1. 

It is desirable to think of the medullary neural ele- 
ments as an integral part of the great abdominal plexus 
from their first appearance through the fetal and early 
postnatal periods, since they are both derived from the 
same sources, pass through the same developmental 
stages, and have the same cellular characteristics during 
that time. Examination of sections caudally from figure 
14 (pl. 2; embryo no. 792) and figure 17 (pl. 3; embryo 
no. 6758) demonstrates the continuity of the invading 
sympathetic nerves. Embryo no. 9226, from which figure 
28 (pl. 5) was taken, also shows that neural elements in 
the abdominal perivertebral plexuses are in all respects 
identical with those in the adrenal. Throughout the 
fetal period, the neural elements of the adrenal are dis- 
tributed in a retiform manner among the cortical cells. 

Section of the last eight thoracic and first two lumbar 
nerve roots caused almost complete degeneration of 
nerves entering the adrenal (Swinyard, 1937), whereas 
section of the splanchnic nerves (Young, 1939) caused 
only partial degeneration. The inference is that both the 
adrenal and abdominal sympathetic plexuses are depend- 
ent upon the same nerves. 

The sympathetic nerve development has periods of 
growth with intervening periods of quiescence. The 
cortical cells in the adrenal appear to have a relatively 
stable progressive rate of increase. When the neural ele- 
ments are actively increasing, they seem to crowd the 
cortical cords, pushing them aside. During their lull in 
growth, the cortical elements fill in, and the gland ex- 
pands around the nerve tracts. The two elements appear 
to be in active competition for the same area; phylo- 
genetically, this could be possible. In lower vertebrates, 
e.g. some of the elasmobranchs, the two components are 
completely separate entities (Hartman and Brownell, 
1949). Hartman and Brownell state that the interrenal 
and chromaffin tissues are usually associated all the way 
from mere contiguity to a mingling in the higher forms, 
and chromaffin cells continue to be found in the sympa- 
thetic ganglia. In Anura, the interrenal tissue has be- 
come an organized structure and takes up some of the 
area occupied by chromaffin tissue in lower forms. In 


reptiles and birds, the cortical substance occupies most of 
the area between the mesonephros and aorta during the 
embryonic stage and becomes thoroughly intermeshed 
with the chromaffin cells and nerves. In both classes, 
the same relation of interrenal and chromaffin tissues 
continues in the adult. In Ornithorhynchus, medullary 
processes extend into the cortical tissue, sometimes reach- 
ing the periphery (Hartman and Brownell, 1949). A 
similar condition obtains in the opossum, Didelphis 
virginiana. "The hilum is very large, and the medulla 
is a loose network of interlacing strands of nerves and 
chromaffin cells with interdigitating cords of cortical cells 
(Crowder, unpublished). In placental mammals, there 
is a postnatal degeneration of the cortex subsequent to 
which the definitive medulla is formed, conforming more 
or less to the shape of the gland. 

In the human, after the postnatal degeneration of the 
fetal cortex, the support afforded by the cords of cortical 
cells and the reticulum of the intervening sinusoids is 
lost, and the medullary tissue gravitates to the central 
veins. At first, the strands are loosely intertwined with 
degenerating cortical cells and other detritus in the inter- 
stices. By 6 weeks, it has become fairly well organized 
into a rather compact, highly vascularized structure. 
When the reticular zone begins to form, at about 12 to 18 
months, cords of cortical cells are again seen interspersed 
among the groups of chromaffin cells. Complete adult 
configuration is attained at about to years. 


Bioop Suppiy 

The earliest organized blood supply to the primordium 
is a branch from each of the segmental mesonephric 
arteries, which is given off at the lateral, posterior border 
of the primordium. Each branch breaks up into a 
globular arborization, which collects at the anteromedial 
surface and is carried laterally again in a capillary vein 
that runs parallel to the celomic epithelium, just posterior 
to the layer of type C-II cells, and empties into the post- 
cardinal vein. The blood supply and return is entirely 
segmental at this stage. 

The pattern is disorganized by the neural invasion in 
horizons xvi and xvii, to be replaced by the more perma- 
nent form. During horizons xviii and xix, the cortex 
of the gland is reorganized, and the gland as a whole 
begins to assume a pyramidal shape in which the three 
central veins take form. 

The author interprets the change in form of the 
adrenal as follows: The active intrusion of the meta- 
nephros, beginning during horizon xix, into the area 
which the adrenal would occupy if it retained its cigar- 
shaped form, causes it to assume a conical shape with a 
concave base. As growth continues, it is molded by the 
neighboring structures into a pyramid having a tri- 
angular base. Further development produces a lip over- 
hanging the medial surface of the kidney. The morpho- 
genetic forces involved are, of course, obscure. 
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The arterial blood supply is from the periphery of the 
gland after horizon xxii. The pressure, therefore, would 
be approximately equal from all sides, and the blood 
would accumulate in the center of the gland. 

The following quotation from Minot e¢ al. (1912) 
succinctly sums up the mechanism of the developing 
blood vessels in the adrenal: “The cause of the early ap- 
pearance of vessels in a multiple capillary form is to be 
found in the view that this represents the fundamental 
method of vascular growth, and that larger vessels only 
come into existence secondarily when the number of 
capillaries induces an increased supply of blood. Such 
an event leads to enlargement of certain fortuitously situ- 
ated capillaries into arteries and veins. The larger vessels 
are to be considered in the light of servants of the capil- 
laries, for which they are but the delivering and draining 
pipes. Consequently, the cause for rich vascularity of a 
tissue cannot be sought in its possession of larger vessels, 
but rather in the influences which have brought about a 
more abundant growth of capillaries in it.” In the 
adrenal, this influence is the prodigious growth and in- 
crease in the number of cells. 


From a pyramidal exterior, three main channels to the 
center of the gland will be formed. The most fortuitously 
situated branch of the subcardinal veins must then dilate 
to drain the blood from this central area and thus become 
the adrenal vein. The tributary veins, as such, do not 
form until the embryo is 50 to 60 mm. in length, and 
then only because the shape and mass of the trilobate 
gland are such that one vein of exit from the three tribu- 
tary veins is the most efficient. 

After the three tributary veins are formed, the line of 
least resistance for the forming cords of cells to travel, 
against the pressure of the blood and the adjacent cords, 
is toward the channels; thus, an approximately trilo- 
bate form evolves, with the cords tending toward these 
veins. Gersh and Grollman (1941) imply, in their discus- 
sion of the vascular pattern of the adrenal in the mouse 
and rat, that the cords of cells conform to the capillary 
pattern. The converse appears to be true in the present 
material, for the cords are the dominant feature, and the 
capillaries conform to the ever-changing cord pattern. 
There is no change from this blood supply throughout 
life. 


SUMMARY AND CONCLUSIONS 


t. In the human, the adrenal cortex derives its cell 
components from (a) celomic epithelium and (2) the 
glomerular capsules of the mesonephros during the 
embryonic period. 

2. Three distinct types of cells, defined on the basis of 
nuclear size and structure, are so derived: two from the 
celomic epithelium, and the other from the mesonephros. 

3. The first evidence of the adrenal primordium is 
demonstrated in horizon xiv early in the 4th week (30 
days2); it consists of type C-I cells. 

4. Type C-Il cells begin differentiation in horizon xv, 
early in the 5th week. Two groups are found in the 
medial wall of Bowman’s capsule. The dorsal group 
forms a nidus in the dorsolateral portion of the primor- 
dium beneath each mesonephric artery, from which cells 
are derived to form the adrenal capsule. At the height 
of migration from the ventral group, the entire medial 
wall of each Bowman’s capsule forms new cells which 
migrate medially, forming a layer 4 to 6 cells thick 
across the ventral surface of the primordium just dorsal 
to the celomic epithelium. This layer of cells (C-II) does 
not interfere with cells of the other types entering the 
primordium from the celomic epithelium. 

5. Type C-IIl cells begin to enter the primordium from 
the celomic epithelium together with type C-I cells dur- 
ing horizon xvi, early in the 5th week. 

6. Migration of cells of type C-II from the nidi begins 
in horizon xvii, about the middle of the 5th week, and by 
the beginning of the 6th, horizon xxi, a definite cap- 
sule is formed around the primordium except where 
sympathetic nerves are entering the gland. 


7. When the capsule is formed, cells of types C-I and 
C-IIl, having the same characteristics as those previously 
seen in the celomic epithelium, are found in the primor- 
dium just central to it. They form a layer 10 to 12 cells 
deep. Mitotic figures are frequent. 

8. The celomic epithelium has ceased to function as a 
source of cortical cells by horizon xxi; the cells just be- 
neath the capsule assume that function. 

g. The invasion of the adrenal primordium by sympa- 
thetic neural elements begins about the middle of the 
4th week and ends by the first of the 5th week. At this 
time, activation of the sympathetic ganglia from dorsal-6 
to lumbar-1 results in the abdominal sympathetic 
plexuses, of which adrenal medullary nerves are a part. 
Growth is relatively slow, keeping pace with body growth 
from horizon xvii through horizon xxiii. At 7 weeks, 
a second increase in rate of growth begins, which lasts 
about 2 weeks; it results in an enormous development of 
nerve fibers and primitive chromaffin cells. 

10. Chromaffin cells have begun to differentiate mor- 
phologically by 8 weeks. They continue to do so until 
after birth. 

11. The so-called “fetal cortex” has the same cellular 
components as the adult cortex. The difference in ap- 
pearance in the fetal gland is due only to the increased 
rate of maturation of the cortical cells in the central 
portion. 

12. The fact that mitoses are found in the glomerular 
and subglomerular regions at all times, but rarely in 
the other zones, speaks for the continuous production of 
new cells in the glomerular zone and their migration 
into the deeper zones. 
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13. The postnatal reticular zone is composed of cells 
that retained their integrity during their passage through 
the middle zone and continue to travel within the frame- 
work of the cords. The supporting structures of the 
cords are the walls of the sinusoids. ‘The connective tissue 
within the sinusoidal walls is continuous from the 
arteriolar capillaries in the capsule to the central veins. 
The attenuated cords lack the support of neighboring 
cords found in the fascicular zone, and, as a result, are 
forced into an irregular pattern to permit the length to 
adjust to the perpendicular space available. 

14. The neural elements and chromaffin cells are found 
throughout the cortex during fetal life in a retiform pat- 


tern in all respects similar to that observed in the adrenals 
of adult birds. Only after the massive degeneration of 
the cortex during the 1st postnatal week, when they lose 
the support of the cortical cords, do they gravitate to the 
central veins, together with the reticulum of the sinusoids. 
After the 4th postnatal week, most of the neural tissue 
and chromaffin cells in the adrenal are clustered around 
the tributary veins. The medulla becomes adult in ap- 
pearance between 12 and 18 months. In the adult 
medulla, there are cells among the chromaffin cells, simi- 
lar in all respects to the paraganglion or primitive 
chromaffin cells. 
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Plates 1 to 8 are untouched photomicrographs of sections of 
embryos in the Carnegie Collection illustrating relations and cell 


types of adrenal primordium. Ages are estimated ovulation ages, 
following Streeter (1951). 
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Fic. 8. Transverse section of embryo from beginning of 5th 
week; midgastric level. Aorta with origin of a mesonephric 
artery, upper left. Postcardinal vein, upper right. Beneath it, 
mesonephros with genital ridge on its peritoneal surface. Arrow 
indicates a transient vessel. Between it and mesonephros, en- 
larged cells define adrenal primordium. The adjacent celomic 
epithelium can be distinguished from other mesenchyme. No. 
3385, 14-3-1. Horizon xv. X150. 8.3 mm. 

Fic. 9. From a section taken about 150 microns caudal to that 
of figure 8. Primordium differentiated from surrounding 
mesenchyme by its crowded type C1 cells (see p. 197) with 
large nuclei and more abundant cytoplasm. Arrow indicates a 
mitosis. R. B. C., red blood corpuscles marking capillary plexus 
on medial surface of primordium. No. 3385, 15-1-5. 500. 


Fic. 10. Area enclosed by rectangle in figure 9. All cells of 
type C-I. Cytoplasm abundant, and nuclei large with relatively 
little chromatin and an eccentric nucleolus. Arrow indicates 
nucleus showing highly refractile spheroid body (see fig. 38, pl. 
8). Zeiss 3.0 mm. apochromat, ap. 140. X 1000. 

Fic. 11. From a more advanced embryo, showing primordium 
of adrenal protruding into celom. Mesonephros with Malpighian 
bodies, tubules, and Wolffian duct (W. D.). Increase in size of 
ganglion of sympathetic chain (13) due to cell division and in- 
growth of nerve fibers. Two groups of cells in Bowman’s capsule 
indicated by arrows mark a significant differentiation (see fig. 2; 
fig. 12, pl. 2). No. 721, 14-3-5. Horizon xv. X150. 4, aorta; 
5, celomic cavity; 6, mesogastrium; 8, stomach; 9, genital ridge; 
10, adrenal groove; 11, postcardinal vein. 
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Fic. 12. Area of rectangle in figure 11, showing cells of 
Bowman’s capsule. At arrow 4, cells appear to be migrating 
into mesenchyme dorsal to adrenal primordium. At arrow B, 
they appear to be migrating into the adrenal and gonadal primor- 
dia. Small cells (C) with elongated nuclei are seen in the ven- 
trolateral portion of the gland. No. 721, 14-35. 500. 10, ad- 
renal groove. 

Fic. 13. From the same embryo as figure 11, 20 microns 
caudal to section shown in figure 12. X6o00. 1, type CI cells; 2, 
type C-II cell; p. s. ¢., primordial sex cell. 

Fic. 14. From an embryo of 5 weeks. Primordia of adrenal 


PLATE 2 


and sympathetic ganglion (13) are relatively larger, compared to 
mesonephros, than in figure 11 (pl. 1). Adrenal primordium in 
direct continuity with celomic epithelium. No. 792, 10-1-3. 
Horizon xvi. X100. 8 mm. 4, aorta; 7, adrenal primordium; 12 
(arrow), band of cells of mesonephric origin (type C-II). 

Fic. 15. From a section near that shown in figure 14. Type 
CII cells (2) appear to be migrating along ventral surface of 
primordium from Bowman’s capsule. Invading neural elements 
(C) (arrow) from sympathetic chain spreading widely among 
the cells of the primordium have disturbed its homogeneity. D, 
sympathetic nerve. 500. 
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Fic. 16. Embryo from end of 5th week, showing a remarkable 
increase in the size of the gland and particularly in the amount 
of the sympathetic nerve tissue (outlined by broken line), which 
lies along the dorsal and medial surface of the primordium, 
many fibers and their cells infiltrating it. Section near the 
cephalic pole. No. 6742, 13-2-3. Early horizon xvii. 100. 11 
mm. 

Fic. 17. Embryo more advanced than the preceding. Final 
stage of the invasion of neural elements into the adrenal primor- 
dium. Cortical cells are separated into islands by the neural tis- 
sue, except in the ventrolateral margin. Type C-II cells still pass- 
ing from Bowman’s capsule into the nidus area beneath the 
mesonephric artery at arrow. No. 6758, 16-5-5. Horizon xvii. 
X too. 12.8 mm. 

Fic. 18. Area included within rectangle in figure 17. Two 
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regions of primordium are distinct. Above and to left, area in- 
filtrated by neural elements which surround groups of types 
C1 and Cll cells. Below and to right, types C-I and C_III cells 
are being proliferated from the celomic epithelium. In this 
denser area are also many type C-II cells. 4oo. 

Fic. 19. Sagittal section of an embryo later in horizon xvii 
than the others illustrated, taken from near the center of lower 
pole of the gland and including the ventral third. Celomic 
epithelium at lower border. All the cellular elements of the 
adrenal. Cell types C-I (1) and C-IIl (3) originating in the 
celomic epithelium form cords in the expanding gland. Type 
C-II (2) cells lie parallel to the outer surface, and a few nerve 
cells and fibers (4) extend between the cortical cells. No. 6510, 
16-1-3. Horizon xvii. 600. 10.8 mm. Arrow, mitosis in 
celomic epithelium. 
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Fic. 20. Embryo from early in 6th week. Cross section from 
middle of cephalocaudal axis of adrenal. Disorganization by 
neural elements not so complete as at caudal pole (fig. 17, pl. 3). 
Medially, cells of neural origin and nerve fibers predominate. 
No. 8101, 25-4-3. Late horizon xvii. X00. 13 mm. 4, aorta; 
5, celomic cavity; 6, mesogastrium; 7, adrenal gland; 8, stomach; 
9, gonad; 10, adrenal groove; 11, postcardinal vein; 13, sympa- 
thetic ganglion. 

Fic. 21. Embryo more advanced than preceding. Section near 
the caudal end of the gland. The cephalic two-thirds is similar 
to the previous embryo, but organization is a little further ad- 
vanced. At this level, a few nerve fibers are entering the dorso- 
medial surface, and the gland has increased in size. Gland is 
completely separated from the celomic epithelium at this level. 
Continuity is maintained at the adrenal groove. Two new fea- 
tures are the beginning canalization of the body of the gland 
(arrow), and the beginning development of the para-aortic and 
visceral nerves and plexuses (4). The dorsomedial half at this 
level is composed principally of neural elements; the lateral 
portion, of cortical cells. The neural component is small at this 
level. The dark areas represent a preponderance of nerve cells; 
the gray areas dorsomedially, of fibers. The nerves (15) are part 
of the renal plexus. No. 7707, 41-2-4. Horizon xviii. X 100. 


14.5 mm. 9, gonad; 10, adrenal groove; 11, postcardinal vein; 
13, sympathetic nerve tissue; 14, subcardinal vein. 

Fic. 22. Embryo similar in its development to the preceding. 
The section shows a nidus (there is one for each body seg- 
ment) formed by accretion of cells from the portion of Bow- 
man’s capsule just ventral to and partly surrounding the seg- 
mental mesonephric artery as it enters the glomerular tuft. Ac- 
tive proliferation indicated by numerous mitoses (M). Nidus 
surrounded by broken line is medial to glomerulus. Adrenal 
groove (10) separates adrenal (7) and the gonad (9). No. 6524, 

22-1. Horizon xviii. 500. 11.7 mm. 11, postcardinal vein. 

Fic. 23. Cellular details, from an embryo similar to the pre- 
ceding. The type C-II (2) cells originating in the nidus (B) 
(fig. 22) have the same characteristics as those which first passed 
from the wall of Bowman’s capsule directly into the adrenal 
primordium (fig. 19, pl. 3): cylindrical nuclei having scanty 
chromatin, a small or no discernible nucleolus, and one or more 
large vacuoles or inclusions. The nidus cells are beginning to 
penetrate between the cells of the celomic epithelium (4) pre- 
paratory to assuming a position outside them. Nuclei of cortical 
cell types C-I (1) and C-III (3) appear at the left. No. 8172, 
34-2-1. Horizon xviii. X 1000. 16.5 mm. B, nidus. 


PLATE 4 


E. CROWDER 


R. 


ar 


PLATE 5 


Fic. 24. Embryo from the 6th week. A transverse section 
from the lower, middle third, cephalocaudally. The gland has 
been completely reorganized after the neural invasion. Neuro- 
blasts or nerve fiber bundles of significant size are seen only 
around the periphery of the dorsomedial surface of the caudal 
half of the gland (D). Thin strands of nerve fibers and a few 
accompanying large cells of neural origin (M-III) (F) are scat- 
tered among the cortical cells within the encircling band of cells 
of mesonephric origin (12). 

Capillary channels have multiplied, dividing the cell mass of 
cortex into loose, irregular cords of cells. The venous outlet is 
by way of three or four of the more fortuitously situated capil- 
laries which communicated between the postcardinal and sub- 
cardinal veins before the neural invasion. One, A, is seen here 
emptying into a portion of the inferior vena cava. 

The layer of type C-II cells is well developed along the ventral 
and lateral surface of the gland in this section. At the cephalic 
end, it completely surrounds the gland and has come to be the 
outermost layer of cells. At the caudal end, it is fragmentary be- 
cause of the presence of the rapidly developing splanchnic plexus. 
At this level, a small increment of cells, types C-I and C-l, is 
still coming through the layer from the celomic epithelium along 
the ventral surface. No. 6527, 38-3-2. Horizon xvill. 150. 14.4 
mm. B, cross sections of adrenal nerve; C, inferior vena cava; 
E, mesonephric glomerulus; 9, gonad. 

Fic. 25. A portion of the gland on the ventral surface, cut 
sagittally. At this stage, the type C-II cells (12) form the outer- 
most layer. No well defined celomic epithelium or peritoneum 
is present. Cell types I and III, previously proliferating in the 
celomic epithelium, are now found, central to the forming cap- 
sule, in a poorly defined layer 10-12 cells deep. Mitoses are 
frequently found in this layer but only occasionally deeper in 
the gland. No. 6202, 22-1-2. Horizon xx. 600. 21 mm. 

Fic. 26. From the lateral border of a frontal section of the 
adrenal, about its middle, in an embryo during the 7th week. 


The gland as a whole is very similar to that of horizon xx except 
that the anteromedial portion has begun to grow caudally over 
the kidney.and the area of entrance of the sympathetic nerve 
tissue has become relatively much smaller. Type C-II cells (2) 
have become a definite capsular layer. The central mass of cells 
is divided into cords by capillaries (arrows) in whose walls en- 
dothelial nuclei (4) are seen. All the elements of the adrenal 
cortex are now present and in their ultimate relation to one 
another. Outside (capsule) are the C-II cells. Just within are 
types C-I (1) and C-III (3) cells found in the celomic epithelium 
in earlier stages. Beyond them, and derived from them, are cords 
of large cells extending to the central portion of the gland. No. 
8394, 106-2-2. Horizon xxii. X500. 25.3 mm. 

Fic. 27. A horizontal section of the right gland along the 
peritoneal margin near its middle in an embryo in the 8th week. 
Arterial capillaries (C) divide the cells of the outer (germinal) 
layers into globular nests (B) as the vessels dip inward to con- 
nect with venous sinusoids (D), thus forming the glomerular 
zone of the cortex. The layer of capsule cells on the surface is 
partly dragged inward by the invading vessels (E), establishing 
a relation in which cells from it will pass into the cords in the 
substance of the gland. (See also fig. 36, pl. 8.) For the most 
part, the cells remain at or near the surface and form the major 
part of the capsule. No. 6573, 63-2-2. Horizon xxiii. X 500. 31.5 
mm. A, endothelial cells. 

Fic. 28. Embryo early in the 8th week. The cross section 
cuts across the lower pole of the right adrenal and at about the 
junction of the lower and middle third of the left. The lower 
pole of the right gland (F) is disorganized by the rapidly grow- 
ing celiac plexus (G). The left gland, from the cephalic pole to 
this level, is undisturbed. (See p. 198.) No. 9226, 161-1-2. Hort- 
zon xxiii. X45. 30.1 mm. A, aorta; B, right crus of diaphragm; 
C, splanchnic nerves; D, left sympathetic ganglion; E, right 
kidney. 
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Fics. 29-30. From a horizontal section of the embryo near the 
level of the caudal end of the middle third of the right adrenal. 
The same process as is going on at the caudal pole in figure 28 
(pl. 5), but shown with more clarity, since only one nerve is 
involved instead of the great plexuses. Figure 29 shows one of 
the branches of the adrenal nerve at the height of the second 
period of proliferation. The first was during horizons xvi and xvii 
(see figs. 3-5; figs. 16-18, pl. 3). The same growth is going on 
in all areas into which the earlier growth penetrated. M-I cells 
and nerve fibers together with the accompanying large M-III 
cells multiply at a rapid rate. The bulk of nerve tissue becomes 


relatively so enormous that it encroaches upon the surrounding 
adrenal cortex. The pressure by the neural elements pushes the 
cortical cords aside to make room for the nerves. The M-III 
cells heretofore in the interior of the nerves now begin to multi- 
ply and form into islands of various sizes throughout the cortex 
(C in fig. 30). These cells mature into the chromaffin cells (4 
through D, fig. 37, pl. 8). No. 301, 196-1-2. 44 mm. Figure 29, 
200. Figure 30, X 500 (blocked area). A, entering nerve; B, 
ramifying nerves; C, islands of multiplying chromaffin cell pre- 
cursors. 
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Fic. 31. India-ink injection. Right adrenal vein (4) emptying 
into the inferior vena cava (B). The poorly organized venous 
system at this stage is clearly shown. No central vein can be 
demonstrated, but the outlines of the irregular main channels 
can be seen. The central portion is much darker than the outer 
zone, because of the rich blood supply in the capillaries between 
the cords of cells centrally and the relative anemia of the poorly 
vascularized glomerular area. At each side and dorsal to the 
aorta (C), the three splanchnic nerves (D). Sympathetic chain 
ganglia (E) are on each side of the body of the vertebra (F). 
No. 4415, 106-1-3. X25. 37 mm. 

Fic. 32. The adrenal is cut horizontally in the middle third 
of the gland. The wide glomerular or germinal zone (A) 
around the outside of the gland is composed of embryonal cells 
actively dividing. Immediately central to it is the fetal fasciculo- 
reticular zone (B). The three collateral veins (C) drain the 


blood from the sinusoids and join to form the adrenal vein at a 
lower level. A process of degeneration (D), further illustrated 
in figures 33 and 34, is found only at this stage of fetal develop- 
ment. No. 84, 51-2-I. X25. 54 mm. 

Fic. 33. Boxed area in figure 32, localizing the condition 
found in figure 34. 

Fic. 34. At a magnification of 500 diameters is shown a 
form of cell degeneration found during the formation of the col- 
lateral veins. After this stage, the area in which the degenera- 
tion took place is occupied by large blood sinuses. 

Fic. 35. Section near the upper pole of the gland of an 80-mm. 
embryo. The descending collateral vein (A) has been cut across. 
The dark areas (arrows) are groups of rapidly proliferating 
neural cells, part of a network scattered through the cortex, 
which form and contain the chromaffin cells. (See also fig. 37, 
pl. 8.) No. 172, 50-2-I. X 25. 
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Fic. 38 


Fic. 36. From the surface of a gland, about 8 weeks. The 
capsule (4) is along the lower border. The glomerular zone 
(B) is between it and the fasciculoreticular zone (C) at the top. 
The arrow indicates a group of capsule cells oriented toward the 
center of the gland. No. 6658, 59-1. 500. 40 mm. 

Fic. 37. Section through a nest of paraganglion cells, show- 
ing the various stages of development of the chromaffin cells 
from mitosis (4) to maturity (D); E is the undifferentiated type 
MLIII cell from which all others are derived. No. 9226, 163-2-5. 
Horizon xxiii. X 1000. 30.1 mm. 

Figures 38-40 are drawings of the three types of cells derived 
from the capsule and the glomerular zone of the adrenal of the 
embryo in figure 36. These cells are not limited to the fetal 
stages of development but are found in all adrenals examined. 
Nor are they species specific, having been found in all mam- 
malian glands so far examined. The nuclei retain the character- 
istics of the cell type they represent until the cells’ final dissolu- 
tion; differentiation of cell types is based on these characteristics. 
Cells illustrated were found in the reticulofascicular zone. 

Fic. 38. Cell type C-I, characterized by the larger size of 
both cytoplasm and nucleus. The nucleus is round and relatively 
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clear; the nucleolus spherical, usually slightly eosinophilic, and 
eccentrically placed. The scanty chromatin is loosely disposed in 
fine threads and small knots. The center is occupied by a 
vacuole in usual paraffin-embedded material. It stains with Sudan 
III in frozen sections and in material chromated after fixation in 
an aqueous mixture. The sex chromatin was not included in 
this section but is shown in the other two. 

Fic. 39. Type C-II cell. As a rule, there is one nucleolus and 
a small condensation of sex chromatin on the nuclear membrane 
in the female. The chromatin is distributed in threads just be- 
neath the nuclear membrane in a spider-like formation, the 
nucleolus forming the body. The center of the nucleus contains 
two or more ovoid lipoid globules. 

Fic. 40. Type C-IIl cell is much smaller and has a smaller 
nucleus than either of the other two. The nucleolus is more cen- 
trally placed, and the nucleus is much darker. The chromatin 
is greater in amount and condensed into large clumps. The 
strands are very coarse. Three or more large clumps of chroma- 
tin are irregularly disposed throughout the nucleus. The lipoid 
globule is eccentrically placed and usually is somewhat irregu- 
Jar in outline. 


